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This thesis involves the characterisation of metal-
metal interactions in complexes of the type [L3M(-X) 3ML3 ]n+ 
where M = Ru, Os; L = terminal ligand e.g. PMe2Ph; X = 
bridging ligand e.g. Cl - ; n = 1, 2, 3. 
These complexes are all prepared in the n = 1 oxidation 





Of partiOular interest is the n = 2 oxidation state which 
is the "mixed-valence" state. The mixed-valence species 
[L3Ru(p_x)3RuL3]2+ are unstable. They can however be studied 
and characterised by spectroelectochemical techniques as they 
are indefinitely stable under a suitable applied electro-
generation potential. The technique involves studying the 
species formed by controlled potential electrolysis inside 
the cavity of a UV/VIS/NIR spectrophotometer using an 
optically transparent thin layer electrode (O.T.T.L.E.) cell. 
A detailed spectroelectrochemical study of 
[(PMe2Ph) 3Ru(p-Cl) 3Ru(PMe2Ph) 3]2+ indicates that there is a 
strong metal-metal interaction between the two metal centres. 
The complex is considered as a Class III species according 
to the Robin and Day classification. Systematic alterations 
of M, X, n and L changes the extent of this interaction but it 
must always be considered to be strong. 
In order to observe Class II behaviour we considered 
two possibilities, introduction of asymmetry and altering the 
number of bridging ligands. We studied,the triple bridged 
asymmet.i 	complex [(CS) (PPh3) 2Ru(11-Cl) 3RuC1(PPh 3 ) 2 j and. 
ii 
single cyano-bridged complexes of the general type 
[CPL2RU_CN_RUL2CP]2+ where L = soft neutral ligand. The 
triple chioro bridged asymmetric complex does indeed 
exhibit Class II behaviour; the cyano-bridged species however 
all exhibit Class III behaviour except for the complex 
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CHAPTER 1 
INTRODUCTION OF BINUCLEAR COMPLEXES 
AN EXTENDED SPECTROSCOPIC STUDY OF 
[(PMe2Ph) 3M(p-C1) 3 M(PMe 2 Ph) 3 1 2 + 
WHERE M = Ru, Os 
1.1 	INTRODUCTION 
This thesis is concerned with the electronic character-
isation of metal-metal interactions in complexes containing 
two transition metal centres. Binuclear complexes where the 
two metal centres have different formal oxidation states are 
of considerable current interest because they represent the 
simplest systems in which to study these metal-metal inter-
actions and also intramolecular electron transfer reactions. 
Complexes of this type are termed mixed-valence compounds. 
Their properties are rarely just the sum of the two metal 
ions taken separately. Usually there is an interaction 
between the metal ions which results in dramatic changes in 
the physical properties of the system e.g. KFe(II) (CN) 6 
and Fe 2 (III) (S01+)3 are both pale yellow complexes; 
KFe(II)Fe(III) (CN)6 is however deep blue) 
The properties of mixed-valence compounds are related 
very closely to the similarity or difference in symmetry 
between the ligand fields of the ions of differing valency. 
Mixed-valence compounds, have been placed into three categories 
by Robin and Day. 2 
Class 1 species have metal centres in different 
coordination environments e.g. one may be in an octahedral 
ligand field and the other a tetrahedral ligand field. In 
complexes of this type there is no interaction between the 
metal centres. They are termed "trapped" valence complexes. 
Class II complexes contain metal centres whose ligand fields 
are of nearly identical symmetry; they are however crystallo-
graphically distinguishable. In this case there is a weak 
interaction between the metal centres. Class III complexes 
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contain metal ions in identical coordination environments 
and are thus crystallographically equivalent. There is a 
strong interaction between the metal centres. 
The absorption spectra of Class I species exhibit a 
superposition of the electronic spectra of their constituent 
ions. Class II species show the electronic spectra of their 
constituent ions at similar energy values. The spectra of 
the constituent ions is not however evident in the electronic 
spectrum of Class III species. 
The assignment of bands in an absorption spectrum to 
specific electronic transitions is notoriously difficult. 
It is often helpful, however, though not entirely rigorous, 
to categorise the electronic excitations in quite a simple 
way as "metal based", charge transfer or "ligand based" in 
origin. 3 
A. 	"Metal-based" or d-d bands 
Such bands arise due to the excitation of an electron 
from one d orbital on the central metal to another d orbital 
e.g. in the case of an octahedral complex with a d 1 
configuration the following transition occurs on absorption 










This type of absorption tends to occur in the near infra 
red or visible region of the electronic spectrum for first 
row transition metals and is characteristically weak. The 
intensity of a band is measured by the extinction coefficient, 
E, where c = A/cl; A = absorbance; c = concentration, mol 
dm. '-3  and 1 = pathlength, cm, and is usually of the order of 
1-10 mol'cm 1 dm 3 for d-d bands. The intensity of a band 
is a measure of the probability of a transition and d-d bands 
are formally forbidden in a strict octahedral environment by 
Laportes rule which states that Al = ±1. They are only 
observed because of vibronic coupling. In tetrahedral complexes 
there is breakdown of Laportes rule since the p subshell also 
has t2 symmetry and hence can mix with the d t 2 set leading 
to the upper level acquiring some p character. Thus Al = ±1 
holds and the e--t 2 transition is allowed. However it must be 
stressed that the bands are still relatively weak. d-d bands 
are independent of the nature of solvent. 
B. 	Charge Transfer Bands 
Absorption bands due to charge transfer transitions 
involve the transfer of an electron from a molecular orbital 
centred mainly on the ligand to one centred mainly on the 
metal (LMCT) or vice versa (MLCT). 
They are often of higher energy than d-d transitions and 
are usually observed at the extreme blue end of the spectrum 
or in the ultra-violet region. Nearly all charge transfer 
processes are fully allowed and hence they tend to be very 
strong, sometimes masking the weak d-d bands (C is usually of 
the order 10-10 mol 1 cm'dm 3 ) . LMCT and MLCT processes can 
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be distinguished by the contrasting behaviour of the energy 
of the band upon oxidation or reduction of the metal centre. 
If the absorption band arises due to a LMCT transition then 
on oxidation of the metal centre, the LMCT absorption band 
will move to a lower energy and vice versa for MLCT, e.g. in 
the absorption spectrum of [OsC1 3 (py) 3 ] 	the band at 
22,000 cm' is assigned as a MLCT transition, on oxidation to 
OsC1 3 (py) this band shifts to 31,600 cm'. [ OsCl6 	has 
two bands at 29,600 cm' and 35,100 cm' which are assigned 
as LMCT transitions. On oxidation these shift to 26,400 cm' 
and 29,200 cm' respectively. 
The energy of a charge transfer process is dependent on 
the solvent used for study, because the dipole of the excited 
state is different from that of. the ground state. Thus the 
orientation of the solvent molecules will not be the same for 
both the ground state and for the excited state. It is assumed 
that the electronic transition is a Franck-Condon type transi-
tion and therefore takes place many orders of magnitude faster 
than molecular rearrangements. Depending on the solvent used 
and the change in dipole, the excited state may be either 
stabilised or destabilised, that is, the absorption band will 
move to lower or higher energy respectively. 
C. 	"Liqand based" or Intraliand Bands 
Some ligands have low-lying empty orbitals, which are 
usually antibonding in character. An electronic transition 
can occur to this orbital from an occupied level also localised 
primarily on the ligand, leading to characteristic absorption 
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spectra. The ligand-ligand transition will depend on the 
nature of the metal centre since the metal-ligand band will 
involve the occupied ligand based orbital and hence the 
position of the band will be sensitive to the oxidation state 
of the metal. Usually when the metal centre is oxidised the 
transition will move to a lower energy, e.g. 
i(cm') for bipy Tr-*rr* transition 
2+ 
Ru(bipy) 3 	34,000 
3+ 
Ru(bipy) 3 	32,300 
(free bipy shows the 1r-*7* transition at 35,400 cm') 
It can be seen that the change in energy of intraligand 
transitions observed on oxidation is not as large as those for 
MLCT/LMCT processes. 
These transitions usually occur in the higher energy region 
of the electronic spectrum, in the ultra-violet region, and are 
fully allowed (c io - 106 mol'cm'dm 3 ) as are the measurable 
charge transfer transitions. 
The intensity of a band is determined largely from selec-
tion rules, with more intense bands arising from transitions 
which are both spin and orbitally allowed. For an allowed 
charge transfer transition to show an appreciable intensity it 
must have significant "one centre character". This is expected 
on the basis of commonplace understanding of the linear 
combination of atomic orbitals to form molecular orbitals or 
the "covalency" of coordinate bonds. A further point regarding 
band intensities is that strictly it is not the extinction 
coefficient of a band which is the meaningful parameter; rather 
it is the oscillator strength, f. This parameter can be 
approximated by the area under the peak or E x A where 
is the band halfwidth. 
In addition to these electronic transitions discussed 
above the mixed-valence Class II and Class III species exhibit 
a low energy absorption(s) in the electronic spectrum which 
have been termed intervalence charge transfer transitions, 
IVCT. Class I species show no such absorption. The potential 
energy diagrams for Class I, II and III complexes showing the 
origin of this transition are illustrated in Figure 1.1.1. 6 
In the case of Class II species this low energy absorption 
occurs due to true intervalence charge transfer, 	This is 
attributed td an electron transfer from one metal site to 
another and can be represented as follows: 
M(II)M I (II) 	IT M(III)M'(II)* 
This light induced process generates a M(III) ion in the 
coordination environment of M(II) and vice versa. The excited 
species reverts back to the ground state configuration by 
vibrational relaxation. Bands which arise from this process 
tend to be fairly weak with c 	10-10 3 mol'cm 1 dm 3 . 	e.g. 
[(bipy) 2 ClRu(pyz)RuCl(bipy) 2 ] 3 	shows an intervalence charge 
3 transfer band at 7700 cm , 	= 450 mol 1  cm 1  dm . IVCT bands 
are broad and the band halfwidth, A, for symmetrical complexes 
such as that given above is usually around 5000 cm -1 . 	The 
band halfwidth is commonly evaluated as the band width when 
A/Amax = , where A is the absorbance. They rarely show 
vibrational structure, however with third row metals such as 
osmium the band may be split due to a spin coupling effect. 
-7- 
Figure 1.1.1: Potential Energy versus Nuclear 
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This effect, which occurs for heavier elements, can lift 
the degeneracy of otherwise degenerate states leading to 
more absorption bands than expected and can cause states of 
different spin to mix which results in the borrowing of 
intensity by spin forbidden bands from spin allowed bands. 
Examples of this occur with [(bipy) 2 ClOs(PPh 2 CH2Ph2P)OsCl-
(bipy)2]3 8  and [(bipy) 2 ClRu(pyz)OsCl(bipy) 2 J 3 	where 
the respective IVCT bands are observed at 10,000 cm'(broad), 
6000 cm-1 (broad) and 10,900 cm 1 (broad), 5900 cm'(narrow). 
In Class III complexes the metal centres are strongly 
interacting and each metal centre should be considered to 
have equal charge or average valency. It is necessary in 
these strongly interacting systems to invoke molecular 
orbital models in which the low energy bands arise due to 
transitions within this molecular orbital framework. These 
bands are often wrongly referred to as IVCT bands also. 
Class III low energy bands tend to be more intense than 
Class II IVCT bands, e.g. the extinction coefficient, c, for 
the near infra-red (NIR) band (6370 cm') observed for the 
Creutz-Taube complex ' 0 , designated as a Class III species is 
5000 mol 1 cin 1 dm 3 . The band halfwidth, A, is much narrower. 
The measured Ai value for the NIR band in the Creutz-Taube 
ion is 1500 cm'. The narrow bands of Class III complexes 
follows from Figure 1.1.1 as transitions from the turning 
point of the zero point vibration of the lower potential 
energy surface fall very close to the corresponding turning 
points on the upper surface. There may be more than one 
low energy transition depending on the number which are 
symmetry allowed. They often show vibrational structure. 
Hush 11  has proposed several parameters to distinguish 
further between Class II and Class III species. Hush theory 
for species with the two metal centres having the same 
terminal ligand sets, termed symmetric complexes, will be 
considered here. 
Figure1.1.1 shows that for a Class II species the 
vertical process EQ corresponds to the intervalence charge 
transfer process, v IT 	The energy barrier for thermal 
electron transfer is: 
Eth = 1/4 E0 	 (1) 
where 	E op = E in 	out . +E 	 (2) 
E. in  is the Franck-Condon term and E out  is associated with the 
reorganisation of the solvent molecules around the metal 
centres after electron transfer occurs. Directly after 
electron transfer.i.e. M(II)M'(III) - M(III)M'(II), M(III) 
will have the solvent environment of M(II) and M (II) will 
have that of M'(III), thus energy is required to reorganise 
the solvent molecules. 
E= e2(__+_J_'' 1 - _L) 	(3) out 	2a1 	2a2 
where a1 1 2 = radii of the two coordination spheres 
d 	= metal-metal distance in 
Dop = optical dielectric constant (equal 
to the square of the refractive 
index, n) 
D s 	= static dielectric constant 
The energy of the intervalençe charge transfer band is 
therefore dependent on the- solvent used. A plot of 
versus 1/D0 - 1 /D 5 should be a straight line. The value of 
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the intercept gives an indication of Em. 
The low energy bands observed for Class III species 
show no solvent dependence as both metal centres have the 
same charge and coordination environment. 
The band halfwidth, A, for an intervalence charge 
transfer band can be calculated using 
4 (calc) = 	[ 2310 vIT ] 	cm' (4) 
If the species is a Class II complex' then agreement to 
within 10% of the experimentally observed band halfwidth 
should be obtained. 
The bandhalfwidth for Class II complexes is dependent 
on temperature tending to decrease as the temperature is 
lowered. The absorption bands of Class III complexes show 
no such behaviour'. 
The degree of delocalisation, a, can be obtained from 
the intervalence charge transfer band by: 
2 	4.24 x 10 	cA, (5) 
IT d2 
where 	E = extinction coefficient, mol_ l cm_ 1 dm 3 
d = distance between the metal centres 
0 
in A 
For a Class II complex 0 < a < 0.25. 
From the above discussion it is apparent that by 
examination of the low energy region of the electronic 
spectrum the class of the mixed-valence binuclear complex 
can be determined. There are many examples of mixed-valence 
complexes in the literature, particularly for Ruthenium and 
Osmium. 
BBC 
The most frequent combination of oxidation states is 
M(II)M(III) which corresponds to the low spin d 6 -d 5 
configuration. Examples of complexes of this type include 
[(NH3)5Ru-NC-Ru(CN)5] 	12  and [(NH 3 ) 5 Ru(4,4'.-bipy)Ru(NH 3 ) 5]t 3 
There are two main methods that are used for preparing 
mixed-valence compeixes. 
Direct combination of two mononuclear species, 
one of which has a labile coordination site. 
Electrochemical reduction or oxidation of a 
binuclear species where the metal centres are 
M(III)M'(III) or M(II)M I (II) respectively. 
The binuclear species we chose to extensively investi-
gate all have three identical bridging ligands (x) and a 
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The mixed-valence compounds were generated from stable 
parent complexes by a one-electron exhaustive electrolysis 
as in method 2. above. 
The monocationic species M=Ru, X=Cl and L=PMe2Ph was 
14 first prepared by Chatt in 1961 	by the interaction of 
RuCI 3 .3H 2 0 and PMe2Ph in aqueous methanol. 
The complex [(PMe2Ph) 3Ru(p-Cl) 3Ru(PMe 2 Ph) 3 1+, undergoes 
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two reversible one-electron oxidations at +1.23V and +1.75V 
(versus Ag/AgC1). 15 The two oxidation processes are thus 
separated by 0.5V. It has been previously suggested that 
16 
this is indicative of electron delocalisation. 	Figure 
1.1.2 shows the cyclic voltainmogram and ac voltammogram for 
[(PMe 2 Ph) 3 Ru (M-Cl) 3 Ru (PMe2Ph) ]PF 6 . 	The mixed-valence 
species [(PMe 2 Ph) 3 Ru(p-Cl) 3 Ru(PMe2Ph) 312+ cannot be prepared 
chemically. It can however be studied and characterised by 
in situ techniques such as spectroelectrochemistry as it 
is indefinitely stable at a suitable electrogeneration 
potential. The spectroelectroch'emical technique involves 
studying the species formed by controlled potential electrol-
ysis inside the cavity of a UV/VIS/NIR spectrophotometer 
using an optically transparent thin layer electrode cell. 
Preliminary spectroelectrochemical studies 17 on the 
analogous complex where L=PEt 2 Ph, X=Cl showed that the 
mixed-valence species had one low energy band at 4350 cm'. 
Initial investigations assigned this complex as a delocalised, 
Class III, system. In this work the species where L=PMe 2 Ph, 
X=Cl and M=Ru has been thoroughly studied using spectro-
electrochemical techniques. 
1.2 	RESULTS AND DISCUSSION 
[(PMe 2 Ph) 3 Ru(j.i-Cl) 3 Ru(PMe 2 Ph) ]C1 was prepared according 
to the method of Chatt.14 The counterion was exchanged for 
PF 6 by metathesis because Cl has a facile oxidative process 
which would mask the redox processes of the binuclear species. 
Figure 1.1.2: Electrochemistry of [(PMe2Ph)3Ru(ll -Cl)3Ru(PMe2Ph)31 + in 




	+1.ov 	+1.5V vs Ag/AgO] 
-14- 
1. 2. 1 	Spectroelectrochemical Studies 
The mixed-valence species [(PMe2Ph) 3 Ru(p-Cl)3Ru(PMe2Ph) 31 
was electrogenerated in situ in dichloromethane/0.5M TBABFL, 
at +1.40V using the O.T.T.L.E. cell. The temperature was 
maintained at 267K throughout the experiment. Spectra were 
recorded over the range 3125-50,000 cm -1 . After recording 
the change in the spectrum from [(PMe2Ph) 3 Ru(p-C1) 3 Ru(PMe2Ph) 
to [(PMe2Ph) 3Ru(i-Cl) 3Ru(PMe2Ph) ]2+ as a function of time 
the spectrum of the latter species was recorded. It was 
then reduced back to [(PMe2Ph) 3 Ru(p-C1) 3 Ru(PMe 2 Ph) 3 1+. 	A 
requirement of a successful spectroelectrochemical experiment 
is that the spectrum of the final [(PMe2Ph)3Ru(ij-C1)3Ru-
(PMe 2 Ph) 3 1+  species is the same in every regard as the starting 
spectrum. This is indicative of the system being chemically 
reversible and hence that the spectrum we have observed is 
a direct consequence of the oxidation process generating the 
[(PMe2Ph) 3 Ru(p-Cl) 3Ru(PMe2Ph) 3J2+  species. This procedure 
was followed for every spectroelectrochemical experiment 
reported in this thesis. Only the near infra-red region of 
the spectrum will be discussed within this Chapter. Figure 
1.2.1. shows the conversion of [(PMe2Ph) 3 Ru (p-Cl) 3 Ru(PMe2 Ph) 3] 
-* [(PMe2Ph) 3 Ru(p-Cl) 3Ru(PMe2Ph) ] 	together with the final. 
spectrum of the latter species. 
Two bands are observed in the near infra-red region of 
the spectrum at 7770 cm' (c=2864 mol 1 cm 1 dm 3 ) and 5000 cm' 
(=2613 mol 1 cm 1 dm 3 ) . We note that only one near infra-red 
band was observed in the preliminary study. No such bands 
were observed for related monomeric species as shown in the 
UV/VIS/NIR spectra of RuCl2(P(OMe)Ph2) and RuC13(PMe2Ph)3 in 
-15- 
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Figure 1.2.1: Spectrum showing conversion of 
[(PMe2Ph) 3Ru(p-C1) 3Ru(PMe2Ph) 3•]+3 [(PMe 2 Ph) 3Ru(p-C1) 3Ru(PMe2Ph) 	2+ 
together with Final Spectrum of [(PMe2Ph) 3Ru(p-Cl) 3Ru(PMe2Ph) 2+ 
-16- 
Figure 1.2.2. The monomer, RuCl2(PMe2Ph) + dimerises 
rapidly in polar media so we were unable to obtain its 
electronic spectrum whereas RuCl 2 (P(OMe)Ph2)4 requires 
heating to dimerise. We therefore report the spectrum of 
the RuCl2(P(OMe)Ph2) species (Chapter 4 discusses the 
behaviour of binuclear complexes with different tertiary 
phosphine ligands. 	[(P(OMe)Ph2) 3 Ru(ji-C1)3Ru(P(OMe)Ph2)3] 2 
does however exhibit two low energy bands.). The parent 
complex [(PMe 2 Ph) 3Ru(-Cl) 3Ru(PMe2Ph) 3]+  shows no near infra-
red bands. Unfortunately ((PMe2Ph) 3Ru(ii-Cl) 3Ru(PMe2Ph) 3] 3+ 
could not be successfully electrogenerated. This will be 
discussed further in Chapter 4. 
The band halfwidth, I, of the high energy band (taken 
as twice the energy measure at half height from the high 
energy side of the band to its centre) at T=300K was measured 
at 3400 cm-1 . Applying Hush theory (equation (4) in section 
1.1) to this band gives a A (caic) of 4240 cm'. 	Further- 
more,,Aj does not vary significantly with temperature, being 
3400 cm' from 300-253K. Further lowering of the temperature 
to between 243 and 220K causes Aj to decrease by only 100 cm -1 
to 3300 cm-1 . 
The related Osmium complex [(PMe 2 Ph) 3Os(-Cl) 3 Os(PMe 2 Ph) 3 ] 
which will be discussed in more detail in Chapter 2 also 
undergoes two one-electron oxidation processes. The absorp-
tion spectrum of [(PMe2Ph)30s(i-C13Os(PMe 2 Ph) 3 ] 2 also 
exhibits two near infra-red bands at 4991 cm -1 and 9000 cm' 
neither of which show any temperature dependence. 	Figure 
2.2.2 in Chapter 2 show the spectrum of [(PMe2Ph) 3 0s(ji-C1) 3 - 
Os(PMe2Ph) ] 	in methylene chloride/0.5M TBABFL+ . 	The 
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Figure 1.2.2: Spectra of (a)RuC1 3 (PMe 2 Ph) 3 and (b) RuC1 2 (P(OMe)Ph 2 ) in Methylene Chloride 
T=290K 
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diosmium species has a more accessible first oxidation process 
as expected (see Chapter 2, Section 2.1); occurring at +1.03V 
compared with +1.23V in the case of the Ruthenium complex 
(both are versus Ag/AgCl). Thus a study of the behaviour of 
the near infra-red absorption band in various solvents was 
carried out on [(PMe2Ph) 30s (p-Cl) 30s (PMe2Ph) 2+ 	The solvents 
used were:- 
Methylene Chloride / 0.5M TBABF 4  
Chloroform / 0.5M TBABFI+ 
Dimethylformamide / O.1M TBABFI+ 
Acetone I 0.1M TBABFL 
Acetonitrile / 0.1M TBABFI+ 
The [(PMe2Ph)30s(4-Cl) 3 0s(PMe 2 Ph) 3 } 2 species was 
generated in each solvent as previously described. 	Table 
1.2.1 gives the values of Vmax observed for the most intense 
band in each solvent together with relevant 1 /D0 - 1 ID5 
values. 
Figure 1.2.3 shows the plot of Vmax versus 1 ID0 - 
for [(PMe 2 Ph) 305 (p-Cl) 305 (PMe2Ph) 3 ]. On the same graph a 
plot of 'max  versus 	- 1-/D 5 for the well established 
Class II species [(bipy)2ClRu(4141-bipy)Rucl(bipy)2J 	18 is 
shown. 
A summary of the observed behaviour for the near-infra 
red absorption bands of [(PMe2Ph)3M(p-Cl)3M(PMe2Ph)3] 2+, 
where M=Ru, Os is as follows: 
1. 	The most intense near infra-red band shows 
no solvent or temperature dependence. 
-19- 
Table 1.2.1 	Positions of the most intense low Energy 
Band in [(PMe2Ph) 305 (p-Cl) 30s (PMe2Ph) 
in Different Solvents 
max (cin 1 ) 
4,991 
5,003 
Dop Ds 	 Solvent 
2.028 8.9 	Methylene Chloride 
0.5M TBABF 4  
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Figure 1.2.3: Graph of umax versus 	- 1 /D 5 for 
complexes A and B in various solvents 
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Aj is narrower than predicted by Hush theory. 
The band is more intense than expected for an 
intervalence charge transfer band. 
These results suggest that these complexes belong to 
Class 111-type species, that is they must be considered to 
have strong metal-metal interactions. 
The observation of two near infra-red bands must now be 
addressed. 
The molecular orbital scheme for the interaction of 
metal based d-orbitals within a confacial bioctahedral D3h 
structure has been described in the literature by Hoffman 
and others. 19 If the threefold metal-metal axis is taken 
as the z-axis then the dz 2 orbitals interact to form a and 
a orbitals with a 1' and a 2" symmetries respectively. The dxy 
and dx2..y2 orbitals interact, presumably weakly, producing 
and 	orbitals whic.h have e' and e" symmetries respectively. 
A qualitative molecular orbital diagram is shown in 
Figure 1.2.4.20  For the Ru(II),Ru(II) parent complex all 
these orbitals will be full. The related mixed-valence 
complex [(NH 3 ) 3 Ru(-C1) 3 Ru(NH 3 ) 3 } 2 has been studied by 
Hush. 20  The electronic spectrum of this species displayed 
one band in the near infra-red region of the spectrum and 
one in the visible region. The electronic character of this 
species was then discussed using the above molecular orbital 
scheme. The [(NH3)3Ru(M_C1)3Ru(NH3)3] 2 + species has a 
formal metal d 6  d 5 configuration which leaves the a 2" orbital 
singly occupied, thus electronic transitions from the lower 
-22- 
Figure 1.2.4: Molecular orbital scheme for the Interaction 
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levels to the partially occupied a 21' orbital can be envisaged. 
Symmetry considerations determine that only two transitions 
are electronically allowed and will thus carry measurable 
intensities. 
e" - a2 " (x,y polarised) 
all - a2 t' (z polarised) 
The transition from e' - a2 t1 is symmetry forbidden and will 
therefore be weak and will probably not be observed. 
Electronic selection rules state that for a transition 
to have appreciable and measurable intensity we must apply 
the following relationship 
= 	M . lP f d 	 (6) 
where /D is the transition moment for a transition between 
two states of a molecule which are described by the wave 
functions i4 	(initial level) and )f (final level) . M is 
the dipole moment vector with components Mx=Eex; My=ejyj 
and Mz =Eejzj where ej is the charge of a particle j having 
coordinates Xj Yj and Zj. 
For a transition to be allowed the integrand must 
contain the totally symmetric symmetry label A, A 1 , A  or A' 
of the appropriate point group i.e. have a character of +1 
for each symmetry operation. 
We can apply this to the system under study, where there 
are three possible 'transitions to consider: 
1. a1'  a2 1 ' 
z. t - 
- 
3. e' -- a2" 
ORZIC 
The symmetry of each of the initial and final wave 
functions-and the components of M are known, so for 
 
= a 2 ", lf = all , Mxy = e' and Mz = a2 1 ' 
Thus Pi H lPf transforms as e" for Mxy and a l l for M z which 
means that the a1' - a 2 " transition is electronically 
allowed. 
e" 	a2 1 ' 
= a 2 ", 	iPf = e" 
Product = a1' + a2 ' + e' 	(xy) 
e" 	 (z) 
e' 	± a2 11 
= a 2 1', 	1J)f =e' 
Product = a1 t' + a2 1' + e" 	(xy) 
e' 	 (z) 
so e" - a2" is allowed in the x,y direction and e' - a2" 
is forbidden. 
Hush therefore assigned the visible absorption band to 
the a 	a * transition (al l 	a2 " ) and the near infra-red 
band to the 	 transition (e" - a2"). 
Intensity arguments also bear this assignment out. The 
visible band is far more intense than the near infra-red band 
K = 4300 molcmdm 3 compared to t = 230 mol 1 cm 1 dm 3 ) and 
it is exactly this transition which Will have greater amount 
of "one-centre" character since both the bonding and 
-25- 
antibonding a orbitals are derived from the same metal 
based d-orbital. 
In order to determine if this explanation is applicable 
to the system under study extended HUckel molecular orbital 
(E.H.M.O.) calculations were carried out. 
1.2.2 	E.H.M.O. Calculations 21 
[(PMe 2 Ph) 3 Ru(i-Cl) 3Ru(PMe2Ph) 3]2+ was modeled to give 
ideal D3h  symmetry. It was assumed that the Cl-Ru-Cl angle 
is 900,, Cl-Ru-Ru is 54740 and P-Ru-P is 900; with the 
Ru--Ru distance of 3.16k and Ru-Cl of 2.74g. (Assuming the 
above values for the angles and using an Ru--Ru distance of 
3.40A , which is observed in the monocationic species, would 
imply that the Ru-Cl bond is 2.94k which is very long 
compared to the actual value of 2.50L thus the Ru-Ru 
distance was modified.) 




were calculated from average crystallographic data for 
[(PMe 2 Ph) 3 Ru(i-Cl) 3 Ru(PMe2Ph)31PF6. The alkyl/aryl groups 
were replaced by H atoms for simplicity. These were generated 
using the program CALC 22 and the remaining atoms were obtained 
using the program ROTATION. 22 
The energies of the orbitals were calculated using the 
ICON8 program 22  and by symmetry considerations they were 
assigned as follows: 





The most obvious difference between our molecular orbital 
scheme and that of Hush (see Figure 1.2.4) is that the e" 
pair are lower in energy than e'. The explanation for this 
switch over and further discussion of the scheme is given in 
Chapter 4. Once again there is the possibility of three 
transitions a1 ' - a 2 11 , e" - a2t and e' - a 2 t' of which only 
the first two will carry any measurable intensity. 
Theoretically, we predict two allowed intense electronic 
transitions which agrees with experimental results. The band 
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at 7770 cm 	is assigned as the a 1 ' - a2 " transition and 
that at 5000 cm 	as the e" -- a 2 " transition. The a 1 ' - a2" 
transition is likely to be the most intense as this has 
considerable one-centre character being the bonding and 
antibonding combination of the d2 orbital on the metal 
centres. The e" orbital is composed primarily of the dxy 
and dx 2 _y 2 orbitals which will therefore have a much smaller 
spacial overlap with the partially occupied a2 1' orbital than 
the a1' orbital. Thus as the metal-metal interaction 
increases we would expect a concomittant increase in the 
overlap of the metal based d-orbitals. This should be 
reflected in the position of the near infra-red band and its 
intensity; that is as the metal-metal interaction increases 
so the absorption band will shift to higher energy and 
increase in intensity. We therefore suggest 	the 
energy of the most intense near infra-red band as a measure 
of the metal-metal interaction. 
Furthermore the calculations predict a strong metal-
metal interaction which is observed experimentally. 
1.3 	CONCLUSIONS 
[(PMe2Ph)3Ru(.i-Cl)3p.u(pMe 2 ph) 3 ] 2 + is a Class III species 
with the two metal centres strongly interacting. The E.H.M.O. 
calculations give qualitative results that agree well with 
those observed experimentally. 
The remainder of this thesis will concentrate on system-
atically introducing variations into complexes of this type 
to determine the effect on the metal-metal interaction. The 
-28- 




Introduction of Asymmetry 
Number of Bridging Ligands 
1.4 	EXPERIMENTAL 
Spectroelectrochemical studies were carried out using 
the O.T.T.L.E. cell. The O.T.T.L.E. cell consists of a fine 
Pt/Rh gauze working electrode (transparency 	40%) fitted 
into a quartz UV/VIS/NIR cell of 0.05 cm pathlength. At the 
top of the cell there is a quartz extension which functions 
as a reservoir for the solution. Into this reservoir a Pt 
wire counter electrode and Ag/AgCl reference are placed, 
both protected from the bulk solution by a porous frit. 
The cell, together with the electrodes and solution 
containing the species of interest are fitted into a gas 
tight PTFE block which is shown in Figure 1.4.1. Temperature 
control is maintained by passing dry, pre-cooled nitrogen 
gas between the inner pair of quartz windows and the quartz 
cell. Monitoring of the temperature is achieved by use of 
a thermocouple and digital thermometer. To prevent the 
inner pair of quartz windows from fogging, dry N 2 gas is 
passed between the inner and outer windows. 




RuC1 3 . 3H 2 0 (Aldrich) 
PMe2Ph 23  was made according to the literature method. 
Methylene chloride was purified by storing over KOH 
for two weeks, then distilling over P 2 0 5 . All other 
solvents were used as obtained. 
[(PMe 2 Ph) 3Ru(ii-Cl) 3 Ru(PMe 2 Ph) 3 }Cl was made according 
to the method of Chatt. 	Cl was exchanged for PF 6 
by dissolving the complex in methylene chloride then 
adding methanol/excess NH 4 PF 6 and allowing the methylene 
chloride to evaporate under N 2 . 
Tetrabutylammonium-tetrafluoroborate (TBABF) was 
prepared as follows: 
Tetrafluoroboric acid (30 ml, 30% solution) was added 
slowly to tetrabutylammonium hydroxide (100 ml, 40% by 
weight), stirring and diluting as required. The pH of the 
solution was monitored throughout this process using pH 
paper. At a pH of between 5 and 7 the white solid material 
was filtered and washed with distilled water (4 x 30 ml). 
The product was then recrystallised from a water/methanol 
mixture. A hot filtration was performed and the solution 
was left to cool. The resulting white needle crystals were 






Figure 1.4.1: Design of the Optically Transparent Thin 
Layer Electrode (O.T.T.L.E.) Cell 
BEAM PATH 
A Counter Electrode 
B Reference Electrode 
C Working Electrode connection protected from bulk. 
solution by PTFE sleeve 
o PTFE cell cap 
E Test solution, deoxygenated with Ar or N 1 
F 0.1cm Infrasil Quartz cell containing platinum 
• 	grid working electrode 
G Platinum grid working electrode 
H PTFE cell block 
I Variable Temperature nitrogen inlet ports 
J Dry nitrogen inlet ports (to prevent fogging of 
inner quartz windows) 
K Infrasil Quartz cell block windows 
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CHAPTER 2 
VARIATION OF METAL CENTRE (M), 	M = Ru, Os 
AND OXIDATION STATE (n), M = Os, n = 1, 2, 3 
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2.1 	INTRODUCTION 
The chemistries of complexes of ruthenium and osmium 
have many similarities. Ruthenium has been more widely 
studied but its reactions are often typical of both metals. 
They may be found in a wide range of oxidation states in 
their complexes. The principal oxidation states of ruthenium 
in its complexes are 0, II and III whereas for osmium they 
are 0, II, III" and IV. 1 
Oxidation State 0 - This has a d electron 
configuration of d 8 . It tends to occur only for 
mononuclear and polynuclear carbonyls and tertiary 
phosphine complexes, e.g. Ru(CO)3(PPh3)2 and 
Os(P(OR) 3 )
51 
where R = alkyl or aryl. 
Oxidation State II - This has a d electron con-
figuration of d 6 . It occurs for a wide range of 
complexes incorporating both rr-acceptor and 
a/7-donor ligands; examples include RuC13(NO) (PR3)2, 
R = alkyl or aryl and [Os(CN)6]. 	All Ru(II) 
and Os(II) complexes are low spin, diamagnetic 
and octahedral. 
Oxidation State III - This has a d electron 
configuration of d 5 . This oxidation state is also 
found in complexes with a wide range of ligands, 
that is both n-acid and c-donor ligands, e.g. 
mer RuC1 3 (PR3), R = alkyl or aryl together with 
its osmium analogue mer OsC13 (PR 3 ), R = alkyl or 
aryl. Ru(III) complexes tend to be more common 
than Os(III). They are all low spin with one 
unpaired electron. 
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4. 	Oxidation State IV - This has a d electron 
configuration of d. It is more common for 
osmium to be in this oxidation state. The most 
well known example being the hexahaloosmate 
dianions, [OsX 6 ]2 , X = Cl, Br, I. Similar 
ruthenium species are also known. Most compounds 
tend to be neutral or anionic (as above), a few 
cationic species are however known, e.g. 
[Os(diars)2X2 ]2+  where X = halide, diars = 
o-C 6 H (AsMe2) 2. 
The wide variety of oxidation states which are 
found in both ruthenium and osmium compounds generally results 
in their complexes having a rich redox chemistry. A good 
example of this occurs with the hexachiorometallates, [MC16] ri-, 
where the II, III, IV and V oxidation states may be observed 
electrochemically. 2 	Elect rochemical studies on [MC16]n- , 
have  shown that the redox couples for 2nd row transition 
metal complexes are more anodic than for the corresponding 










-1.6 	(V versus S.C.E.) 
The difference in redox behaviour for analogous 2nd and 
3rd row transition metal complexes is at first inspection 
puzzling. The ionic radii of the 2nd and 3rd row metal ions 
is roughly equivalent but the nuclear charge of the 3rd row 
is of course much greater than the 2nd row. Naively, then, 
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we might expect electrons in 5d orbitals to be more tightly 
held than electrons in 4d orbitals which would be reflected 
in the potential required to oxidise or remove an electron 
from a 5d metal centre being greater than for a 4d metal 
centre. Experimentally this is not observed. 
We can however explain the observations using relativis-
tic arguments. 3 The probability of electrons in s orbitals 
(and to a lesser extent those in p-orbitals) being in the 
vicinity of the nucleus is high whereas electrons in d and f 
orbitals rarely descend to the region near the nucleus. The 
s and p electrons therefore experience a considerably 
stronger attractive force than the d and f electrons and 
the greater the force the greater the velocity of the electrons. 
Thus the speed of the s and p electrons close to the nucleus 
is dependent on the mass of the nucleus. We can then use 
equation 1 which equates the mass of an electron (M) with 
its speed (V). 4 
lvi = M0 / 1/(1_(V/C) 2) 	 ( 1) 
where M0 = rest mass and C = velocity of light. 	This 
relationship means that. the faster the electron travels the 
larger its apparent mass. The resulting higher mass of the 
s and p electrons screens the nuclear attraction more 
efficiently from the d electrons which therefore experience 
a weaker effective nuclear charge than might be expected. 
The higher atomic number of the 3rd row transition metals 
compared to the 2nd row means that the electrons in the s 
and p orbitals will all travel faster. Thus the 5d electrons 
will be better shielded than the 4d electrons from the nucleus 
and will consequently experience a weaker attractive force. 
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The 5d electrons will therefore be destabilised energetically 
and will expand radially compared to electrons in the 4d 
orbitals. Thus it will be easier to remove electrons from 
3rd row transition metals than 2nd row transition metals. 
Exactly the same arguments apply to explain the easier reduc-
tion of the 2nd row transition metal complexes compared with 
those of the 3rd row; namely, that the effective nuclear 
charge of 2nd row metals is greater than the corresponding 
3rd row metals. 
In this study two triple-chloro bridged complexes of 
the type [(PMe 2 Ph) 3 M(p_C1)3M(PMe2Ph)3F1+ are studied where 
M = Ru, Os; n = 1,2 3. Species where n = 1 undergo two 
one-electron oxidations. 
[L 3 M(II)(p-Cl)3M(II)L3}.! 	[L3M(II)(-Cl)3M(III)L3] 2 
[L 3 M(II)(i-Cl) 3 M(III)L3] 3 
The osmium complex being oxidised at less positive 
potentials than the ruthenium species in accord with the 
previous discussion. 
We have shown in Chapter 1 that when n = 2 the metal 
centres in the ruthenium complex are strongly interacting. 
This Chapter addresses the questions of: 
1. 	Does changing ruthenium for osmium in these 
complexes influence the metal-metal interaction? 
and 2. 
	
	What is the effect of changing the oxidation 
state from n = 1 to n. = 2 then to n = 3 in the 
case of the osmium complex? 
The techniques used to probe the metal-metal interaction 




When an electron transfer reaction takes place, in 
this case from the complex to an electrode, it is expected 
that at the very least there will be some change in the 
structure of the reactant molecule. if this change is not 
particularly large then the redox process will appear to be 
a simple one with fast charge transfer kinetics. However 
sometimes there are more apparent changes taking place e.g. 
isomerisation. 
There are many examples cited in the literature where 
binuclear species show a change in metal-metal distance on 
oxidation or reduction. 
The complexes 1. 	[C2Fe2(CO)z(u-SMe)21; 6 n = 0, 1 
and 2. [C2Fe 2(CO)2(ii-PPh )2 ]fl+; n = 0, 1, 2; have been 
structurally characterised. It has been shown by Dahl 6,7 and 
others that significant shortening of the metal-metal distance 
occurs on oxidation to the cationic species. 
Metal-Metal Distance (pm) 
Complex 	Neutral 	Cation 	Dication 
1 	 339 	 293 	 - 
2 	 349.8 	 314 	 276.4 
The shortening of the metal-metal distance is attributed 
to electron loss from an antibonding molecular orbital. 
The related molybdenum complex 3. Cp2MO(SMei4 8 was 
found to show no change in metal-metal distance on oxidation. 
All have well established electron transfer processe 10 '
11  
The Marcus-Hush theory predicts that the rate of electron 
ill 
transfer in the reaction; 
Ox +e - 	- red 
MM 
should depend upon the extent of accompanying changes in 
the internal structures of the oxidised and reduced species. 
It has been suggested that larger structural changes 
will give rise to smaller rates of electron transfer. 
Geiger 13 attempted to determine values for the heterogeneous 
electron transfer rate constants (k 5 ) of the three compounds 
discussed above. All species studied showed similar values 
of k 5 which on the basis of the structural data is unexpected, 
since both 1 and 2 would be expected to have lower values of 
k 5 than 3. 
The method of Nicholson 14 was used to calculate k 5 
which is given in equation (2): 
ks = 'P(iraD0)/ y ° 	 ( 2) 
where' 	a = nFv/RT 
D0 = Diffusion Coefficient in cm 2 s' 
n = number of electrons 
= Scan rate in Vs -1 
F = Faradays Constant (96487 Cmol') 
R = Gas constant (8.314) 
The value '1' is dependent on scan rate v and is obtained 
for a particular AE P value (where AE = Epc - Epa) from the 
curve shown in Fig. 2.1.1. 
D0 , the diffusion coefficient, must be obtained for the 
system under study. It is calculated from the Ilkovic 
equation (3): 
	
= id I 706nCom2/3th16 	 (3) 






	 Graph of 'P versus AE p 
th 
100 	Ep(mV) 	200 
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C0 = m molar concentration of compound 
m = rate of flow from dropping mercury 
electrode in mgs' 
t = drop lifetime in s 
This equation is limited to use with the dropping mercury 
electrode. In systems where this cannot be used D 0 can be 
obtained using the Levich equation (4) which involves the 
use of the rotating disc electrode (see Appendix 1): 
ii, c 0.260nF o 2 I 3 w 12h / 6 Co 	(4) 
where 	w = angular frequency of rotation in s 
(27T x rotation rate) 
F = Faradays Constant (96487 Cmol') 
= kinematic viscosity in cm 2 s' 
A = area of electrode in cm 2 
Co * = initial bulk concentration in mol 
cm 
From a plot of i versus 	the value of D 0 can be obtained. 
It was concluded in the previous systems studied that 
calculated rate constants for heterogeneous electron transfer, 
are independent of any structural change occurring. It 
was suggested that the rates were dependent only on the energy 
of solvent reorganisation as changing the solvent caused the 
k 5 values to be quite different. 
There are many other examples of binuclear species where 
structural characterisations have been undertaken for more 
than one oxidation state. 
Electron tLd - b n- L 	be accompanied 	• y an increasing 
metal-metal distance, a decreasing distance or very little 
change at all. 
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Increasing Metal-Metal Distance 
Binuclear species of the type Fe2(CO)6ji-X2 15 where 
X = PR2, AsR2, SR , TeR; contain a metal-metal bond in the 
neutral compound. On reduction to the dianion when X = PPh2, 
the Fe--Fe distance increases from 262.3 pm to 363.0 pm. 
This implies that the lowest unoccupied molecular orbital 
is antibonding and largely metal based. The metal-based 
reduction is found to be a reversible two-electron process 
suggesting that fast electron transfer is occurring even 
though there is a large structural change in the molecule. 
In complexes without bridging ligands similar behaviour 
has been observed. On reduction of [Pt 2 (NH 3 )(C 5 H + NO) 2 ] 2 + 
to Pt2 (NH 3 )(C 5HNO) 2 an increase in the Pt-Pt bond distance 
from 254.7 pm to 289.9 pm is observed. 16 
Decreasing Metal-Metal Distance 
The complex (C 6 H 5 ) 2 Cr 2 (Fdppm)(CO).2C 6 H 6 17 has a metal-
metal distance of 482.8 pm. On oxidation to the mixed 
valence cation [(C 6 H 5 ) 2 Cr 2 (dppm) (CO) +] the distance is 
found to shorten to 437.4 pm. This complex has been 
categorised as a delocalised system. 
Little Change in Metal-Metal Distance 
In some species behaviour similar to that in the 
Cp2M02 (p-SMe) complex is observed where no structural change 
accompanies a redox process. There are three structurally 
characterised oxidation states of the species [Re 2 C1(PR 3 )]fl+ 
where n = 0, 1, 218  and R = PMe 2 Ph. This system has no 
bridging ligands. When n = 0 the Re-Re distance is 224.1 pm. 
A one electron oxidation of the complex involves removal of 
an electron from an antibonding molecular orbital to give the 
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complex with a Re-Re distance of 221.8 pm. On further 
oxidation to [Re2 Cl 4 (PR 3 ) 4 ] 2 + the metal-metal distance only 
decreases by 0.3 pm to 221.5 pm. On removal of electrons 
the metal centres require to form metal-metal bonds to 
satisfy their need for electrons. This effect which will 
bring the metal centres closer together is however balanced 
by the fact the higher metal charge on oxidation causes 
contraction Of the metal based orbitals thus leading to 
poorer overlap. [Tc2Cl8 ] 3_19 on oxidation to [Tc2C18 2-  
shows, an increase in metal-metal distance. This is also 
thought to be a consequence of the higher charge at the 
metal centres. Wieghardt 2° recently observed similar 
behaviour in the complex [LRu(jtO)( ~kCH3CO2)2RuL  ]34,  where 
L = 1,4,7 trimethyl-1,4,7-triazacyclononone. On oxidation 
this showed an increase of 8.4 pm in metal-metal distance. 
Effects other than changes in metal-metal distance can 
occur. In the complex Fe 2 (CO) 6 (p 	
15
PPh 2 ) 2 	the Fe 2 P 2 core is 
puckered. On reduction to [Fe 2 (CO) 6 (pPPh 2 ) 2 ] 2 the Fe2P2 
core becomes planar. 
Rh 2 (CO) 4 (Bu 2 P) 2 21 in its neutral state has one 
tetrahedral and one planar metal environment but on reduction 
both are tetrahedral. 
The results obtained for the [L3M(p-X) 3ML31 n+  systems 
under study in this work will now be discussed. 
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2.2 	RESULTS AND DISCUSSION 
2.2.1 	Variation of the Metal Centre 
The influence of the metal centre on the extent of 
metal-metal interaction in the [(PMe2Ph) 3M(p-C1 3M(PMe2Ph) 3 1 2 + 
species, 22,23  M = Ru, Os, has been studied using spectro-
electrochemical methods. 
In order to determine if there are differences in the 
structure of the complexes when n = 1, crystallographic 
studies of [(PMe2Ph) 3Os(i-Cl) 30s(PMe2Ph) 3]PF6 were carried 
out. The equivalent ruthenium complex has been previously 
structurally characterised. 
Attempts were made to chemically prepare the mixed 
metal complex. Electrochemical and FAB mass spectroscopic 
results indicate that this was in fact prepared, however we 
were unable to obtain a pure sample for further studies. 
(a) Spectroelectrochemistry 
The electrochemical and spectroelectrochemical results 
are shown in Table 2.2.1 for [(PNe 2 Ph) 3M(p-Cl) 3M(PMe2Ph) I PF 6 
where M = Ru, Os. 
Electrochemical studies using cyclic voltammetry (c.v.) 
and a.c. voltammetry were carried out in methylene chloride! 
0.5M TBABFL using Pt working and counter electrodes and an 
Ag/AgCl reference electrode. Electrochemical techniques are 
discussed in detail in Appendix 1. Figure 2.2.1 shows the 
cyclic 'cfoltammogram obtained for [(PMe2Ph) 3Os(i-Cl) 3Os- 
(PMe 2 Ph) }PF6. 
Spectroelectrochemical studies were carried out as 
described in Chapter 1. 	The mixed-valence 
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Table 2.2.1: 	Electrochemical and Spectroelectrochemical 
Results for [(PMe 2 Ph) 3 M(p-C1)3M(PMe2Ph)3] 
in Methylene Chloride / 0.5M TBABFL 
M 	E (V versus Ag/AgC1) a 
	Vmax 
(cm') 	(mol'cm 1 dm 3 ) 
11,11/11,111 	11,111/111,111 11,111 
Ru b 	1.23(0.070) 
C 	1.75(0.100) 	5 1 000 	2,613 
7,770 	2,864 
Os b 	1.05(0.060) 	1.57(0.080) 	5,000 	4,868 
9,200 	 .650 
Ferrocene / Ferrocinium 	at +0.56V 
T = 290K 	(electrochemistry) 
T = 266K 	(spectroelectrochemistry) 
C. 	 E' - EpR values are shown in brackets in V 
(where EF and E' are the potentials at the 
maximum of the forward and reverse scans) 
Os  ilifi/Dim 
+ 1 -0 	E/V 	+1:5 
Figure 2.2.1: Cyclic Voltammogram of [(PMe 2 Ph) 3 0s(p-C1)30s.(PMe2Ph) 3 ] 	in Methylene Chloride 
I 0.5M TBABFL at T = 290K 
01 
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[(PMe2Ph) 30s(-Cl) 30s(PMe2Ph) 	species was generated at 
a potential of +1.26V. Only the near infra-red region of 
the spectrum of the mixed-valence species will be discussed 
in this Chapter. The osmium species showed two near infra-
red bands. The position of the bands, Vmax, was found to 
be independent of solvent used and the band halfwidth, Aj, 
independent of temperature; indicating a strong metal-metal 
interaction as in the ruthenium complex. On changing the 
metal centre from ruthenium to osmium there is little differ-
ence in the positions of the bands. Figure 2.2.2 shows the 
spectrum obtained for each. It must be noted that the most 
intense band is the high energy band in the case of the 
ruthenium complex and vice versa for the osmium complex. 
In Chapter 1 the intense band was assigned as the a l l - a2" 
transition and is used as a measure of M-M interaction; 
thus we assign the intense, lower energy near infra-red band 
(4991 cm) in the spectrum of [(PMe2Ph)3Os(i-C1)3Os(PMe2Ph3 j2+ 
to the all 	a2" transition and the less intense band at 
higher energy (9000 cm') to the e" - a2" transition. 
Considering only the all - a2t1 transitions then the metal-
metal interaction in the case of the osmium species is less 
than in the ruthenium complex. 
(b) . Single Crystal X-Ray Structure of 
[(PMe2Ph)30s(-Cl)30s(PMe2Ph)3]PF6 
Details of the structure solution are given in the 
experimental section. 
Small, yellow needles were grown by vapour diffusion .in 
methylene chloride and diethylether. A summary of selected 








Figure 2.2.2: NIR/VIS Spectra of (a) [L 3 0s(p-Cl) 3 OsL 3 ] 2+  and (b) [L3Ru(i-C1) 3RuL3] 2+ 
where L = PMe2Ph in Methylene Chloride / 0.5M TBABFI + at T = 266K 
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bond lengths and angles are given in Table 2.2.2. 
A view of the [(PMe2Ph) 3 0s(11-Cl) 3 0s(PMe 2 Ph) 3 ] 
cation is shown in Figure 2.2.3 (without H atoms). 
The metal-metal distances, average M-C1-M and P-i-P 
angles are compared below for the two complexes 
[(PMe 2 Ph) 3 0s(i-C1) 3 0s(PMe 2 Ph) 3 ] and [(PMe 2 Ph) 3 Ru(p-C1) 3 Ru- 
PMe2Ph) ]+ 
M--M () 	M-Cl-M (°) 	P-M-P (°) 
M 
Os 	3440(1) 	87.0 	 95.6 
Ru 	3.39 	 86.0 	 95.3 
The data indicate that a weaker M--M interaction would 
be expected in [(PMe2Ph) 3 0s(11-C1) 3 0s(PMe 2 Ph) 3 ] 2 	than in 
[(PMe 2 Ph) 3Ru(ii-C1) 3 Ru(PMe 2 Ph) 3 1 2 + 
(c) Conclusions 
We observe a decrease in the metal-metal interaction on 
changing the metal centre from ruthenium to osmium. 
This result can be understood in the light of the 
discussion at the beginning of this chapter (section 2.1). 
We have argued that on relativistic grounds we would expect 
metal-based oxidations of osmium complexes to be at less 
positive potentials than corresponding complexes containing 
ruthenium. This is indeed observed with these binuclear 
species. A further consequence of the discussion was that 
the d-orbitals should be more radially diffuse on 3rd row 
transition metals than 2nd row and hence we might expect 
there to be poorer overlap of the d-orbitals of osmium than 
ruthenium. 
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Table 2.2.2: Selected Bond Lenths and Angles for 
[(PMe2Ph) 30S (p-Cl) 305 (PMe2Ph) ] + 
Bond Lengths(A) with standard deviations 
Os(1) -C1(1) 2.4811(20) P(2) -C(21) 1.849( 	6) 
Os(1) -C1(2) 2.5060(21) P(2) -C(27) 1.829(10) 
Os(1) -C1(3) 2.4974(20) P(2) -C(28) 1.813(11) 
Os(1) - P(1) 2.2878(24) P(3) -C(31) 1.842( 	6) 
Os(1)-P(2) 2.2738(24) P(3)  1.807(10) 
Os(1)-P(3) 2.2909(25) P(3)  1.835(11) 
Os(2) -CI(I) 2.4680(20) P(4) -C(41) 1.852(7) 
Os(2) -C1(2) 2.5042(21) P(4) -C(47) 1.837(11) 
Os(2) -C1(3) 2.5287(20) P(4) -C(48) 1.839(11) 
Os(2) - P(4) 2.2854(25) P(5) -C(51) 1.841( 	6) 
Os(2) - 	 P(5) 2.276( 	3) P(5) -C(57) 1.824(12) 
Os(2)-P(6) 2.2959(25) P(5) -C(58) 1.825(12) 
P(1) -C(11) 1.843( 	6) P(6) -C(61) 1.845( 	6) 
P(1) -C(17) 1.842(10) P(6) -C(67) 1.819(11) 
P(1) -C(18) 1.810(11) P(6) -C(68) 1.832(11) 
Angles(degrees) with standard deviations 
Os(1) -C1(1) -Os(2) 88.07( 6) 
Os(1) -C1(2) -Os(2) 86.72(6) 
Os(1) -C1(3) -Os(2) 86.38(6) 
P(1) -Os(1) - P(2) 98.06( 9) 
 -Os(1) - P(3) •94.28( 9) 
 -Os(1) - P(3) 95.12( 9) 
P(4) -Os(2) - P(5) 98.49( 9) 
 -Os(2) - P(6) 94.42( 9) 
 -Os(2) - P(6) 93.49( 9) 
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Figure 2.2.3: View of the [(PMe2Ph)30s(ui-C1)30s(PMe2Ph)3] 
Cation 
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2.2.2 	Variation of the Oxidation State, n 
The effect of varying the oxidation state of the complex 





The spectroelectrochemical results for M = Os are shown 
in Table 2.2.3. The absorption spectrum of the 
[(PMe2Ph) 3 Ru(p-Cl) 3 Ru(PMe 2 Ph) 3 1 3 + species was not observed. 
The reasons for this will be discussed in Chapter 4. The 
effect of changing n will therefore only be discussed for 
osmium. 
The n = 3 state was electrogenerated in a similar manner 
to n = 2 at a potential of E = +1.84V (versus Ag/AgC1). The 
temperature used was 233K. After electrogeneration the n = 3 
state was reduced back to the n = 2 state to check on the 
chemical stability of the oxidised product. Figure 2.2.4 
shows the changes observed in the UV/VIS/NIR spectrum on 
oxidation from n = 1 to n = 2 and n = 2 to n = 3. 
When n = 1 , no near infra-red bands are observed. By 
increasing the oxidation state from n = 1 to n = 2, we 
observe two bands in the near infra-red region of the spectrum. 
As previously discussed these are due to absorptions within 
the molecular orbital framework of the two strongly inter-
acting metal centres. The low energy d-orbitals interact to 
give molecular orbitals with symmetry labels as shown on 
C&JC. if . 	An electron has been removed from antibonding 
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Table 2.2.3: 	Positions of the Bands (vmáx)  in the 
Low Energy Region of the Electronic Spectrum 
of [(PMe2Ph)30s(p_Cl) 3 0s(PMe 2 Ph) 3 ]n+ (where 
n=1,2,3) in Methylene Chloride / 0.5M TBABFL 
n 	 "rnax (cm 
1) 	 c (mol 'cm 'dm 3 ) 
1 	 No low energy 	 - 
bands observed 
2 a 	 4,991 	 4,875 
	
9,000 	 670 
3 1? 	 11,480 	 7,220 
15,000 	 2,116 
T = 243K, 	Electrogeneration Potential = +1.26V 
(versus Ag/AgC1 at which ferrocéne is oxidised 
at +0.56V) 
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Figure 2.2.4.: Spectra showing (a) the oxidation of 
[(PMe2Ph)30s(i.i-C1) 30s(PMe2Ph) 	[(PMe2Ph) 30s(].t -C1) 30s(PMeZPh) 3] 
and (b) [(PMe2Ph)30s(Ti-C1)30s(PMe2Ph)3 2+. 
[(PMe 2 Ph) 3 Os(-C1) 3 0s(PMe 2 Ph) 3 1 	in Methylene Chloride/0.5M 
TBABFL+ 
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The.electronjc selection rules result in only the 
e" - a2t1 and a 1 ' 	a 2" transitions having appreciable intensity. 
In going from n = 2 to n = 3 we still only observe two 
bands in the low energy region of the electronic spectrum 
which have moved to higher energy and become more intense. 
Both these observations indicate an increasing metal-metal 
interaction as a further electron has been removed from the 
complex. This electron has been removed from an antibonding 
molecular orbital to give: (see over page) 	 - 
Once again the electronic selection rules indicate 
only two fully allowed transitions, namely e" - a 2 " and 
I' a1' - a 2 
These studies suggest that we are seeing an increase in 
metal-metal interaction on removal of antibonding electrons. 
It is therefore likely that the metal-metal separation is 







e ##  
it. 
oxidation. In order to probe the suggested structural change 
we undertook kinetic studies of the first oxidation process 
of the osmium species. 
(b) Kinetic Studies - Determination of the Heterogeneous 
Electron Transfer Rate Constant, k 5 
14 Following the method of Nicholson where, 
k5 = 	 (1)  
Y -. 
the differences in forward and reverse peak potentials, 
were obtained at high scan rates, 30-7OVs' 1 for the 
[(PMe2Ph) 30s(M-Cl) 30s(PMe2Ph) ]+/2+couple and the ferrocene/ 
ferrociniuin couple in methylene chloride/0.5M TBABFL. 
Values of i were obtained from the graph of versus AE P 
shown in Figure 2.1.1. This was carried out at 286.6K. 
The diffusion coefficient, D 0 , for each system was 
obtained from the Levich equation: 
-56- 
	
i = 0.620nFA Do'  /3Wh/2v_h/6Co* 	(3) 
using the rotating disc electrode on the same solvent system 
as was used in the preceding kinetic study. 
The graph of i versus 	shown in Figure 2.2.5 
for [(PMe2Ph) 305 (u-Cl) 30s (PMe2Ph) 1+/21  and in Figure 2.2.6 
for ferrocene/ferrocinium. The slopes, i/w1/2were found to 
be 0.3x10 6 and 67.5x10_6As1/2  respectively. 
So for [(PMe2 Ph) 3 0s (p_Cl) 3 0 s (PMe2 Ph) 3 ]+/ 2 + 
Do  = 0.87x10 6 cm 2 s 1 
and for ferrocene/ferrocinium 
Do  = 2.20x10 5 cm 2 s' 
Values of k 5 at different scan rates for both 
[(PMe2 Ph) 3 0s ( 11 _Cl) 3 0 s (PMe2 Ph) 3 ]+/ 2 + and ferrocene/ferrocinium 
are shown in Table 2.2.4. 
The average value for the heterogeneous electron transfer 
rate of the osmium complex is lower than for ferrocene/ 
fe r roc in ium. 
k 5 [(PMe2Ph)30s(p_Cl)30s(pMe2ph)3]+/2+ = 0.031 cms 1 
k 5 Ferrocene / Ferrocinium 	 = 0.438 cms 1 
This result suggests that we are seeing a structural 
change taking place on oxidation of 
[(PMe2Ph) 305 (p-Cl) 30s(PMe2Ph) 31 	 to 
[(PMe2Ph) 30s (p-Cl) 30s (PMe2Ph) ]2+  
In order to investigate this further X-ray crystallo-
graphic studies were carried out. 
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Figure 2.2.5: Graph of i(A) versus wh12(S_h1'2) to 
determine D0 for 






U 	 5 	 10 1/2 (s1/2) 	15 
1(A) io6 




Figure 2.2.6: Graph of i(A) versus wh/2(s_112) to 
determine D0 for Ferrocene/Ferrocinium 
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Table 2.2.4: 	Heterogeneous Rate Constant Values (ks) 
for (a) [(PMe 2 Ph) 3 0s (p-Cl) 30s (PMe 2 Ph) 3 ]+/+ 
and (b) Ferrocene/Ferrocinium at different 
Scan Rates (v) in Methylene Chloride/0.5M 
TBABFL at 286.6K 
[(PMe 2 Ph) 30s (p-Cl) 30s(PMe2Ph) 3]+/2+ 
v(vs') AEp (mV) 'if k 5 (cms') 
30 86 1.375 0.079 
40 95 0.750 0.050 
50 125 0.356 0.026 
60 154 0.250 0.020 
Ferrocene/Ferrocjnium 
v(vsT') LEp (mV) 'if k 5 (cms') 
30 84 1.96 0.568 
40 89 1.00 0.335 
50 85 1.85 0.692 
60 85 1.85 0.758 
70 97 0.625 0.276 
SI 
(c) X-ray Crystallographic Studies 
[(PMe 2 Ph) 3 0s(p-C1) 30s(PMe2Ph) 3]+  on oxidation to 
[(PMe2Ph) 3 0s(p-Cl) 3 0s(PMe 2 Ph) 3 ] 2 on the basis of spectro-
electrochemical and kinetic studies is expected to undergo a 
structural change. This is thought to occur as a decrease 
in metal-metal distance together with changes in M-Cl-M 
angles etc. Crystallographic studies would obviously confirm 
this. The compound can be oxidised electrochemically but 
separation from the vast excess of inert electrolyte is a 
problem. Oxidation was therefore carried out chemically 
using a variety of oxidants; 60% HClO, concentrated HNO 3 
and NOBFL+ . 	The resulting purple complex was shown to be 
(PMe 2 Ph) 3 0s (p-Cl) 30s(PMe2Ph) 2+ by UV/VIS/NIR spectroscopy. 
Unfortunately it was found to be unstable unless in the 
presence of excess oxidant. Crystals were grown in the 
presence of oxidising agent and methylene chloride and 
attempts were made to mount the crystals in Lindemann tubes 
with oxidant and then to seal the tubes. They were however 
found to be too small for crystallographic, studies. 
The [(PEt 3 ) 3 0s(p-Cl) 30s (PEt3) 3]+ complex was prepared 22 
as it was expected to have a more accessible first oxidation 
(see Chapter 4). This was found to be the case, Ej = +0.90V 
versus Ag/AgC1 where ferrocene/ferrociniuin is at 0.56V. 
It shows similar spectroelectrochemical behaviour to the 
[(PMe2Ph)30s(p_Cl)30s(pMe2p)3]+ species and is discussed 
in more detail in Chapter 4. Oxidation of this species in 
methylene chloride with 60% HC104 yielded an orange material. 
The UV/VIS/NIR spectrum confirmed it to be the 
[(PEt 3 ) 30s (p-Cl) 3 0s (PEt3) j2+ species. Fig. 2.2.7 shows 
Figure 2.2.7: Spectra showing (a) [(PEt3)30s(11_Cl)30s(PEt3)3]2+  generated cheniically using 
60% HClO and (b) [(PEt3)30s(p_C1)30s(PEt3)3]2+  generated electrochemically 
in Methylene Chloride / 0.5M TBABFL+ 
€( mol cm drn) 
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the spectrum obtained together with that of the electro-
generated [(PEt 3 ) 3 0s(M-Cl) 3 0s (PEt3) 2+ species. This was 
found to be stable in the absence of oxidant. Crystals were 
grown from methylene chioride/diethyl ether. They appeared 
to be single, but attempts to photograph them failed. It 
was eventually decided after using different solvents that 
the crystals were in fact layers of crystals on top of each 
other. 
Finally different counterions were used: 
1. 	0sC16 2 , 	2. B(C 6 F 5 ) 	and 	3. CH 3 -(C 6 H)-SO 
The monocationic complex was oxidised as described previously 
then the anions 1, 2 and 3 were added respectively to 
methylene chloride solutions containing the dicationic species. 
Using 2 single crystals were obtained suitable for X-ray 
crystallographic studies. The X-ray crystal structure of 
the monocationic species had also to be carried out in order 
to make a direct comparison. These will now be discussed. 
Single Crystal Structures of the Binuclear Monocationic 
species (A) [ (PEt3) 3 0s (LI-Cl) 3 0s (PEt 3 ) 3 ]PF 6 	and 
(B) [(PEt3)30s(LI-Cl)30s(PEt3)3](B(C&F5))(ClO4)CH2Cl2 
Single crystals of species B were obtained as described 
previously from a methylene chloride/diethyl ether solution. 
Complex A was prepared by literature methods; 22  crystals 
were obtained from a methylene chloride/methanol solution by 
slow evaporation of methylene chloride. 
Crystal data and the method of solving and refining 
each structure is detailed in the experimental section 
(section 2.3). 
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A view of the monocation is shown in Figure 2.2.8 and 
that of the dication in Figure 2.2.9. Tables 2.2.5 and 
2.2.6 give a selection of bond lengths and angles. 
On oxidation the Os--Os distance decreases from 
3.473MA0 to 3.406(1). The average Os-Cl bond length 
decreases (from 2.492 to 2.472k) and the average Os-P bond 
length increases (2.304 to 2.350k). The average Os-C 1̂-Os 
angle decreases by 1.24 0 from 88.25° to 87.01°. 
Spectroelectrochemical studies on [(PEt 3 ) 3Os (p-Cl) 3Os-
(PEt3)3]2+ have shown the metal centres to be strongly 
interacting i.e. Class III species with strong delocalisation 
(see Chapter 4). The two metal centres are indistinguishable 
crystallographically in the [(PEt 3 ) 3 0s (p-Cl) 3 Os (PEt 3 ) 
species supporting delocalisation. 
On oxidation of [(PEt 3 ) 3 0s (p-Cl) 3Os (PEt 3 ) 	to 
[(PEt 3 ) 3 0s(p-C1) 3Os (PEt3) ] 2+  an electron is removed from 
a metal based antibonding molecular orbital, thus a decrease 
in metal-metal distance would be expected which is indeed 
observed. The average Os-Cl bond length decreases as 
expected for a it-donating ligand-metal bond. The average 
Os-P distance increases which would be expected for a metal- 
n-acceptor ligand bond but PEt 3 is a alit donor (see Chapter 4). 
We therefore suggest that the reason for the M-P bonds 
increasing is steric. The steric effect occurs across the 
bridge (see Chapter 4) . As the metal centres move closer 
together due to the increasing interaction upon oxidation 
the PEt 3 ligands can only pack efficiently with minimal 
steric crowding and retention of the confacial bioctahedral 
structure if the M-P bond lengths increase. This has the 
Figure 2.2.8: 	 View of the [(PEt3)30s(p-C1)30s(PEt3)3] 	monocation 
01 
Figure 2.2.9: 	View of the [(PEt3) 30s(p-C1) 3 0s(PEt 3 ) 31 2+  dication 
I. 
Table 2.2.5: 	Selected Bond Lenths and Angles for 
[(PEt3)3 0S(P -Cl)30S(PEt3)31 +  
Bond Lengths(s) with standard deviations 
Os(1) -C1(1) 2.484( 5) P(2) -C(211) 1.830(25) 
05(1) -C1(2) 2.463(5) P(2) -C(221) 1.868(23) 
Os(1) -C1(3) 2.486( 6) P(2) -C(231) 1.81( 	3) 
Os(1) - P(l) 2.344( 6) P(3) -C(311) 1.87( 	3) 
Os(1) - P(2) 2.354( 6) P(3) -C(321) 1.843(23) 
Os(1) - P(3) 2.356( 6) P(3) -C(331) 1.89( 	3) 
Os(2) -d(l) 2.458( 5) P(4) -C(411) 1.860(24) 
Os(2) -C1(2) 2.486( 5) P(4) -C(421) 1.828(23) 
Os(2) -C1(3) 2.464(6) P(4) -C(431) 1.840(25) 
Os(2) - P(4) 2.348( 6) P(5) -C(511) 1.825(23) 
Os(2) - P(5) 2.344( 6) P(5) -C(521) 1.845(24) 
Os(2) - P(6) 2.356( 6) P(5) -C(531) 1.88( 	3) 
P(1) -C(111) 1.83( 3) P(6) -C(611) 1.877(25) 
P(I) -C(121) 1.88( 3) P(6) -C(621) 1.82( 	3) 
P(1) -C(131) 1.782(25) P(6) -C(631) 1.851(24) 
Angles(degrees) with standard deviations 
Os(1) -C1(1) -Os(2) 87.12(17) 
Os(1) -C1(2) -Os(2) 86.96(17) 
Os(1) -C1(3) -Os(2) 86.96(18) 
P(1) -Os(1) - P(2) 94.16(22) 
 -Os(1) - P(3) 95.93(22) 
 -Os(1) - P(3) 97.88(22) 
P(4) -Os(2) -P(5) 98.13(21) 
 -Os(2) - P(6) 93.72(21) 
 -Os(2) -P(6) 96.22(21) 
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Table 2.2.6: 	Selected Bond Lengths and Angles for 
[(PEt3)30s(p_Cl)30s(pEt3)3] 2 + 
Bond Lengths(.) with standard deviations 
Os(1) -C1(1) 2.487(4) P(2) -C(211) 1.883(18) 
Os(1) '-C1(2) 2.501( 4) P(2) -C(221) 1.839(17) 
Os(1) -C1(3) 2.489(4) P(2) -C(231) 1.828(17) 
Os(1) - P(1) 2.301( 4) P(3) -C(311) 1.839(22) 
Os(1) - P(2) 2.300( 4) P(3) -C(321) 1.861(19) 
Os(1) - P(3) 2.306( 4) P(3) -C(331) 1.837(23) 
Os(2) -C1(1) 2.499(4) P(4) -C(411) 1.856(18) 
Os(2) -C1(2) 2.511(4) P(4) -C(421) 1.850(18) 
Os(2) -C1(3) 2.477(4) P(4) -C(431) 1.851(20) 
Os(2) - P(4) 2.319( 4) P(5) -C(511) 1.855(19) 
Os(2) - P(5) 2.304( 4) P(5) -C(5211) 1.877(19) 
Os(2) - P(6) 2.291( 4) P(5) -C(531) 1.854(20 
P(I) -C(111) 1.861(18) P(6) -C(611) 1.821(17) 
P(1) -C(121) 1.818(17) P(6) -C(621) 1.863(20) 
P(1) -C(131) 1.845(17) P(6) -C(631) 1.851(20) 
Angles(degrees) with standard deviations 
P(1)--Os(1) -P(2) 97.87(14) 
P(1)-Os(].)-p(3) 96.21(14) 
P(2)-Os(1)-p(3) 96.88(14) 
P(4) -Os(2) - 	P(5) 94.61(15) 
 -Os(2) -P(6) 97.92(15) 
 -Os(2) -P(6) 96.59(15) 
Os(1) 7C1(1) -Os(2) 88.29(12) 
Os(1) -C1(2) -Os(2) 87.71(12) 
Os(1) -C1(3) -Os(2) 88.76(12) 
effect of relieving steric crowding across the bridge. 
Space filling diagrams 24  illustrate this, as shown in 
Figures 2.2.lO and 2.2.11. 
Conclusions 
Changing the oxidation state, n, from 1 to 2 to 3 
causes the metal centres to become more strongly interacting. 
Kinetic studies support the idea that we are seeing a 
structural change taking place. This is indeed observed in 
the X-ray crystallographic studies of the monocationic and 
dicationic species where changes in the metal-metal distance 
M-P and M-C1 bond lengths are observed. 
2.3 	EXPERIMENTAL 
Electrochemical studies were performed using the PAR 
model 170 potentiostat and programmer with provision for iR 
compensation. A platinum working and counter electrode 
were employed together with an Ag/AgC1 reference electrode 
against which ferrocene is oxidised at Ej = +0.56V. Scan 
rates used were from 20-500 mVs 1 (c.v.) and 20 mVs'(a.c.v.). 
The temperature was controlled using the Haake F3 temperature 
controller and Haake Q bath. 
Kinetic studies were performed using the PAR model 170 
potentiostat and programmer with provision for iR compensa-
tion, HITEK transient store, Tektronix Oscilloscope model 
D66A and Hewlett-Packard XY recorder model 7035B. The Haake 
bath and temperature controller were used to control the 
temperature as above. Scan rates used were from 30-70 Vs'. 
D0 was determined by use of the rotating disc electrode, 
IMEM 
Figure 2.2.10:. 	Space Filling Diagram of 
	





Fig. 2.2.11: 	Space Filling Diagram of 
[(PEt3)30s(11_1)30s(pEt3)3}2+ 24 
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where A = 0.3848 cm 2 . The temperature was controlled as 
above. 
Spectroelectochemjcal studies were carried out using 
the optically transparent thin layer electrode as described 
previously. Temperature control was achieved as described 
previously. The Perkin Elmer Lambda 9 spectrophotometer 
was employed for these studies. Spectra were recorded over 
the range 3,125-50,000 cm'. 
M+vi M 1 
RuC1 3 •3H 2 0 and K 2 0sC1 6 were obtained from Aldrich. 
Methylene Chloride was purified as described previously. 
All other solvents were used as supplied without 
further purification. 
TBABFL was prepared as described previously. 
PMe2 Ph was prepared according to the literature 
method. 25 
[(PMe 2 Ph) 3 t1.(i-Cl) ?1 (PMe2Ph) 31PF 6 were prepared 
according to literature methods. 22,23 M=FU,0S 
[(PEt 3 ) 3 0s (j.i-Cl) 305 (PEt 3 ) IPF 6 was prepared 
according to the, literature method. 22 
Reaction of Cis OsC12(PMe 2 ph) 4 with Cis RuC12(pMe 2 ph) 
To a warm degassed butan-2-ol solution (20m1) of 
cis OsC1 2(PMe2Ph) 3 (0.085g), cis RuCl2(PMe2Ph) 6 (o.o76g) in 
degassed butan-2-ol (lOmi) was added dropwise. 
This mixture was heated to reflux under N 2 for 24 hours. 
On cooling yellow crystals formed. These were filtered and 
washed with methanol and diethyl ether and dried in vacuo. 
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Assuming the presence of the ionic dimer 
[(PMe2Ph) 3M(p-Cl) 3M(PMe2Ph) 3]Cl.; the Cl - anion was exchanged 
for PF6 as previously described. Experimental results 
suggest that a mixture of [(PMe2Ph) 3Ru(ji-C1) 3Ru(PMe2Ph) 3]PF6, 
[(PMe2Ph) 3Ru(p-Cl) 30s(PMe2Ph) 3]PF5 	 and 
[(PMe 2 Ph) 30s(ii-C1) 30s(PMe2Ph) 3 ]PF6 were obtained. 
FAB Mass Spectrum: Found M+ = 1316 (20%) 
= 1228 (100%) 
M = 1139 (25%) 
Calculated for 	[(PMe 2 Ph) 3 0s(p-Cl)30s(PMe2Ph)3} 
= 1314.35 
[(PMe 2 Ph) 3Ru(ij-Cl) 30s(PMe2Ph) 3] + 
= 1225.35 
and [(PMe 2 Ph) 3 Ru(i_Cl) 3 Ru(PMe 2 Ph) 3 ]+ 
= 1136.35 
Electrochemistry 
Cyclic voltanimetry (c.v.) and a.c. voltammetry studies 





(versus Ag/AgC1 on which ferrocene is oxidised at +0.56V) 
Peaks 1 and 4 are twice as intense as those of 2 and 3. 
This is consistent with there being the three species present. 
The diosmium complex shows two one-electron oxidations at 
1.07V and 1.59V; the diruthenium at +1.29V and +1.82V. The 
mixed osmium/ruthenium complex would be expected to show two 
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oxidations; the osmium centre being oxidised first at 
+1.07V and then ruthenium centre being oxidised at +1.89V. 
Attempts to separate the complexes failed due to 
similarities in solubility and mass. 
Single Crystal Structure of [(PMe2Ph) 3 0s (p-Cl) 30s(PMe2Ph) 3 }PF6 
This complex was prepared as described previously. 
Crystal Data: [C1+ 8H 66 C1 3 O5 2 P6]PF6, M = 1460.56, monoclinic, 
space groupE 2,/ c , a = 14.4399 (9), b = 16.3484(11), 
c = 23.9188(20)L 	= 97.048(7) 0 , V = 5616.3 R3  (from setting 
angles for 43 reflections with 28 = 25-26, X = 0.71073), 
= 4, .caic = 1.727g cm 3 , T = 293K, pale yellow needles, 
0.77x0.13x0.077 mm, p = 49.19 cm', F(000) = 2864. 
Data Collection and Processing 
Stöe STADI-4 diffractometer, graphite monochromated 
Mo-Ku X-radiation, T = 293K, w/20 scans using learnt profile 
method 7 6683 reflections measured (20max 450, h157 k017, 
1 0 -'-25), 5685 unique data (Rint = 0.0292), giving 4710 with 
F > 6a(F) foruse in all calculations. No significant crystal 
decay or movement. Initial corrections for absorption based 
on iP scans were applied, minimum and maximum transmission 
factors are 0.0454 and 0.0736 respectively. 
Structure Solution and Refinement 
Using the fractional coordinates of the isostructural 
[(PMe2Ph) 3Ru(p-Cl) 3 Ru(PMe 2 Ph) 3 1PF 6 species the positions of 
all non hydrogen atoms were located. These were refined 
with anisotropic thermal parameters. H atoms were fixed in 
28 calculated positions using AFIX. DIFABS absorption 
correction was carried out with minimum correction = 0.804 
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and maximum correction = 1.534. 
At final convergence R = 0.0303, Ew = 0.0374, 
S = 1.076 for 460 refined parameters and the final AF 
synthesis showed no peak above 0.831e 	or below -0.48e. 
The weighting scheme W 	= G2 (F) + 0.000386F 2 gave satis- 
factory agreement analyses and in the final cycle (tIa) max 
= 0.118. 
Atomic scattering factors were inlaid 2.9  or taken from 
reference 30. The figure was obtained using ORTEP. 3 ' 
Single Crystal X-Ray Structure of [(PEt 3 ) 3Os(ji -Cl) 30s (PEt 3 ) 3 ]PF6 
This complex was prepared and crystallised as described 
previously. 
Crystal Data: [C8H 9o Cl 3 Os 2 P 6 ]PF 6 , M = 1340.62, triclinic, 
space group PT, a = 11.1820(14), b = 13.8689(17), C = 
18.5669(23).. c = 84.601(6), 	= 82.421(8), y = 67.194(7) ° 
V = 2631.02 (from setting angles for 63 reflections with 
31 < 20 < 32 % A = 0.71073A), ! = 3 .calc = 2.538g CM-3, 
T = 293K, pale yellow tablet, 0.77x0.27x0.12 mm, ji = 78.62 
cm', F(000) = 2004. 
Data Collection and Processin 
Stöe STADI-4 diffractometer graphite monochromated 
Mo - K 	X-radiation, T = 293K, w/20 scans with width (0.99 
+ 0.347 tan0) ° , 6850 data collected (20max  90°, h11-12, 
k-1414, 1 0-19, 6289 unique data (Rint = 0.0000 ), giving 
5290 with F > 6o(F) for use in all calculations. 	No 
significant crystal decay or movement. Initial corrections 
for absorption based on scans were applied, minimum and 
maximum transmission factors are respt'tively 0.051 and 0.129. 
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Structure Solution and Refinement 
A Patterson synthesis located the Os atoms and subse-
quent iterative cycles of least squares refinement and 
difference Fourier synthesis located all non-H atoms. 
These were then refined using SHELX-76 with anisotropic 
thermal parameters for Os, Cl and P. H atoms were fixed in 
calculated positions using AFIX. DIFABS 28 absorption 
correction was carried out with minimum correction = 0.804 
and maximum correction = 1.534. At final convergence 
R = 0.0518, Rw = 0.0717, S = 1.027 for 311 refined parameters 
and the final AF synthesis showed no peak above' O.632e. 
The weighting scheme W' = 	+ 0.00634F 2 gave satisfactory 
agreement analyses and in the final cycle (AIG)max was 0.101. 
Atomic scattering factors were inlaid 29 or taken from 
reference 30. The figure was obtained using ORTEP. 31 
Single Crystal Structure of 
[(PEt3)30S(li -Cl)30$(PEt3)31[B(C6F5)][C101.(CH 2 C1 2 ) 
This species was prepared as previously described. 
Crystal, Data: 	[C8H66Cl 3 Os 2 P 6 ][C 2 BF 20 ] [ Cl01(CH 2 C1 2 ), 
M = 2010.44, monoclinic, space group c2/c'  a =- 38.9930(120), 
b = 16.3694(39), c = 26.6316(28)A , 	= 106.140(13) 
o3 
V = 16328.7A (from setting angles for 29 reflections with 
0 
43 < 2e < 45, A = 1.5134A), Z = 8, Dcalc = 1.635g cm 
T = 293K, orange plates, 0.46x0.46x0.16 mm,7 = 92.32 cm', 
F(000) = 7960. 
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Data Collection and Processing 
Stöe STADI-4 diffractometer, graphite monochromated 
Cu-Ku X-radiation, T = 293K, w/20 scans with width (0.99 
+ 0.347 tane) ° , 9173 data collected (2emax = 100, h3834, 
k-0-16, 1-0 - 26) , 7545 unique data (Rint 0.0163) , giving 
5849 with F > 6o(F) for use in all calculations. 	No 
significant crystal movement or decay. Initial corrections 
for absorption based on lj) scans were applied, the minimum 
and maximum transmission factors are 0.0073 and 0.0895 
respectively. 
Structure Solution and Refinement 
A Patterson synthesis located the Os atoms and subsequent 
iterative cycles of least squares refinement and difference 
Fourier synthesis located all non H-atoms. These were then 
refined by least squares using SHELX-76 29 with anisotropic 
thermal parameters for Os, P, Cl. DIFABS 28 absorption 
correction using SHELX-86 32 was carried out with minimum 
correction = 0.687 and maximum correction = 1.334. H atoms 
were fixed in calculated positions using AFIX. The -C6F5 
rings were fixed as rigid groups. At final convergence 
R = 0.0747, Rw = 0.0980, S = 1.097 for 364 refined parameters 
0-3 and the final AF synthesis showed no peak above 0.845e. 
The weighting scheme W = G2 (F) + 0.000578F 2 gave satis-
factory agreement analyses and in the final cycle (L/a)max 
= 0.034. 
Atomic scattering factors were inlaid 29  or taken from 
reference 30. The figure was obtained using ORTEP.31 
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CHAPTER 3 
VARIATION OF BRIDGING LIGAND, X 
X = 0H, Cl - , Br, 1; M = Ru 
X = Cl - , Br, 1; 	M = Os 
M 
3.1 	INTRODUCTION 
Triply-bridged species of the type [L 3 M(p-C1) 3 ML3] 
have been known for some time where M = Ru, Os; L = PMe 2 Ph, 
PMePh2, PEt2Ph, PEtPh2; n = 1. These were first prepared 
by Chatt in 19611  by the interaction of RuC133H20 or 
(NH 4 ) 2 0sC15 in aqueous methanol or ethanol with the appro-
priate tertiary phosphine ligand. Non-chiorobridged 
complexes, [L3M(1!_X)3ML3In+ are much rarer. In 1968 Shaw 
et al. 2 reported the first synthesis of complexes of this 
type where n = 1; X = Br, 1; L = PMe2Ph. The 
[L 3 Ru(p-Br) 3RuL3]+ complex was prepcu-eU by the interaction 
of RuCl 3 xH 2 O and PMe2Ph in isopropyl alcohol with an excess 
of LiEr. The iodo bridged complex was made by the reaction 
of [L3Ru(TJ-C1) 3RuL3] + and Nal in isopropyl alcohol. 
The range of complexes of this type has been greatly 
extended since these studies by using other methods of 
preparation. Robinson et al. 3,4  reported the preparation 
of [L3Ru(i-X) 3RuL3][ BPh] where X = Br; L = P(OEt) 3 from 
the reaction between [RuBr2(norb)] n  and P(OEt)3 in refluxing 
methanol. Stephenson prepared trip1-bromo bridged complexes 
by the reaction of RuBr2(PPh3)3 and the appropriate tertiary 
P(III) ligand in methanol. 5 Ashworth 6 further extended the 
range of ruthenium trip1 ,j-bridged species to X = OH; 
L = PMe2Ph, PMePh 21 P(OMe)Ph 2 ; X = F, SH, SMe; L = 
PMe2Ph and in our laboratories his method was used to 
prepare the complex where X = SEt; L = PMe2Ph. 7 His method 
involved first preparing the tripiw-hydroxy bridged complex 
by the reaction of [RuH(COD) (NH2NMe2)3]PF6in a 2:1 mixture 
of acetone and methanol with the appropriate tertiary 
phosphine ligand. By the action of the appropriate acid, 
HX, on the trip1-hydroxy bridged complex the above range 
of complexes were obtained. It was also found that this 
method was more satisfactory than that of Shaw for preparing 
the species where X = Br and 1; L = PMe2Ph. 7 	Tripl- 
8 	 9,10 methylene and hydrido-bridged 	complexes are also known. 
Wilkinson 8 reported the complex [ (PMe3) 3Ru(p-CH2) 3Ru(PMe3) ] 
This was prepared by the reaction of [Ru 3 0(02CMe)6(H20) 3 ]-
(02CMe) with dimethylrnagnesium and PMe 3 in tetrahydrofuran. 
Both the osmium and ruthenium triply-hydrido bridged species 
are known. The osmium 10  complex where L = PMe2Ph is 
prepared by the reaction of Os2H + L5 and HBF•Et 2 O. The 
ruthenium  complex is made in a similar manner by the inter-
action of Ru2H+(PMe3)6 with HBF 4 in tetrahydrofuran. 
There are many examples of triplj-bridged complexes 
where the terminal ligands are not tertiary phosphine ligands. 
The related complexes [(NH 3 )3Ru(i-X) 3Ru (NH3) 3 ] 2+ where X = 
Cl - and Br are known. These are prepared by the reaction 
of [Ru(NH3)6]X2 and HX. 11,12  
Stephenson prepared complexes of the type 
[ArM(1j_X)3MAr]+ where M = Os; Ar = C 6 H 6 , 	2Me-C 6 HCHNe 2 
X = Cl- ; M = Ru; Ar = C6H6, C6H 3 Me 3 , pMeC6HCHMe2, C6Me6; 
= OPh, OMe, OEt, 0H, Cl- , Br, 1. 13,14 
The [(n-C6H6)Ru(p-Cl)3Ru(C6H6)]PF 6 complex is prepared 
by the reaction of [Ru(C6H6)C12] in methanol at ambient 
temperatures with excess NH 4 PF6. The other tripl-halide 
bridged species could not be prepared in this way due to the 
insoluble nature of the starting complexes. It is thought 
that the mechanism of forming the tripl -chloro bridged 
species involves intermolecular coupling of the weakly 
solvated monomers Ru(C6H6)Cl2 (MeOH) and [Ru(n.C6H6)Cl(MeOH) 2]. 
The reaction of the corresponding pyridine complexes also 
led to the formation of the triply-bridged complex. The 
analogous Br and 1 monomers give the triply-bridged bromide 
and iodide complexes respectively. The osmium complexes 
are prepared in a similar manner. There is spectroscopic 
evidence to show that by using these methods mixed-bridged 
complexes have been prepared. The hydroxy- and alkoxo-ridged 
species are prepared by the reaction of [M(.C5H5)C1 2 ] 2; 
M = Ru, Os with an excess of NaOH or Na2CO3 for X = 0H and 
NaOR for X = 0R. 
Wieghardt has prepared many triply-bridged ruthenium 
complexes where the terminal ligand set at each metal centre 
is the macrocyclic ligand; 1,4,7 trimethyl-1,4,7 triaza-
cyclononane, L, of which examples include: 
1. [LRu(p-O)(p-CH3CO2)2RuL],16 2.[LRu(OH)2(-CH3CO2)RuL]47 
and 3. {LRu( -0 )3RuLff) 8 	1 and 2 are both formed by the 
reaction of RuLC1 3 and Na(02CCH 3 ).. 3 is obtained from the 
reaction of the triply-hydroxy bridged complex 
[LRu(ii-OH)3RuL] 3 and NaOH. 
Recently Meyer 19  reported the preparation of related 
ruthenium complexes of the type [(tpm)Ru(i-O) (p-L)zRu(tpm)] ' 
where 1.L =02P(0) (OH), n = 1; 2L = 02CCH 31 n = 2 and tpm 
is the tridentate; facial ligand tris(1-pyrazolyl)methane. 
These are prepared using an analogous- method to Wieghardt 
i.e. by the reaction of [(tpm)RuCl 3 ]1.5H 2 O in phosphate 
buffer with sodium carbonate and sodium acetate solutions 
respectively. 
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Another class of tripl9-bridged binuclear complexes 
are: [(C 3 N 2 R 2 ) 3 Ru(p-X)3Ru(C 3 N 2 R 2 ) 3 ]X; 20 X = Cl, 1; 
R = Me, Et. These are formed by the reaction of the mono-
meric RUC12(C3N2R2)4 complex in methylene chloride at 40°C 
for X = Cl and in acetone at 40°C with Nal for X = 1. 
The reaction of 1,2 bis (isopropylseleno)ethane, 
C3H7SeCH 2 CH 2 SeC 4 H7 with ruthenium(III) halides gives complexes 
which have been formulated as triply-bridged complexes of 
the type hexahalo-tris-p(1,2 bis(isopropylseleno)ethane) 
diruthenium (III). 21  
A triply bridging -Me 2 Ge- structure has been proposed 
for the minor products of the pyrolysis of (Me3Ge)2M(CO) 
where M = Ru, Os. The product, is thought to be 
(CO)3M(i-GeMe2J3M(CO)3 22 The [(PMe 3 ) 3 Ru(p-X) 3 Ru(PMe 3 ) 3 ] 
23- 9 	_24 	2_8 complexes where X = OH,,, 	H- , Cl 	and CH 2 	have 
been characterised crystallographically. The tripl-brid3ed 
hydroxy-, hydrido- and chioro-complexes are all formally 
ruthenium (II) species. The metal-metal distance in the 
case of the hydroxy-bridged species is 3.004i On changing 
the ligand to chloride the metal-metal distance increases 
0 	 0 
by 0.14A to 3.28A. These distances are indicative of there 
being no or very little metal-metal interaction. The triply 
hydrido-bridged complex has a much smaller metal-metal, 
distance of 2.540g. It is clear that the overlap require-
ments of the three bridges will pull the two metal atoms 
closer together. Since the hydrido-bridging ligand can 
only be a two-electron donor as opposed to the four-electron 
donor Cl - and 0H bridging ligands, the possibility arises 
that the metal atoms might be linked by a triple RuRu bond. 
This would give a formal 18-electron configuration at each 
(c3zKz 
metal atom and would account for the short Ru--Ru distance. 
The decreased M-M distance may also arise because H has a 
smaller ionic radius than Cl - or 0H. 
The tripl- methylene-bridged complex, however, has 
two Ru(III) centres. The metal-metal distance is 2.540i 
The short metal-metal distance has been explained by a 
metal-metal bond. This suggestion is reinforced by the 
observed diamagnetism of the complex. 
Halogen containing compounds tend to change progres-
sively with increasing size. As in other groups there is 
a much greater change between the first row element, F, and 
the second row element, Cl, than between the other elements. 
Spectroscopic studies on [(NH 3 ) 3Ru(i-X) 3Ru(NH3) 3]+, 
X = Cl, Br, have shown the ruthenium centres to be 
strongly interacting. 25  In the case of the smaller bridging 
ligand, Cl - , the interaction is stronger. Bands due to the 
o - o* and 3* - o* transitions are observed at 17,000 cm' 
(strong) and 7150 cm' (weak) respectively, in the case of 
X = Cl and 15,790 cm 	(strong) and 6870 cm-1 (weak) 
respectively for X = Br. 
Crystallographic studies of these complexes support 
the spectroscopic data. When X = Cl - the Ru--Ru distance 
is 2.753i 26 On changing Cl for Br the distance increases 
to 2.852i 27 
- 	The range of complexes where M= Ru, X = Cl - , Br, 1, 
0H, SEt; L = PMe 2 Ph have been studied electrochemically. 6 
It has been discussed previously that the [(PMe2Ph)3Ru(Li-Cl ) 3- 
Ru(PMe2Ph)3 + complex undergoes two reversible one electron 
oxidations: 
: 
[(PMe2 Ph) 3 Ru (p_Cl) 3 Ru (PMe2Ph) 3 ]+ 	[(PMe2Ph)3Ru(j-Cl) 3 Ru (PMe2 Ph) 3 12+ 
Ru(II)Ru(II) 	 'Ru(II)Ru(III)' 
4 	[(PMe2Ph)3Ru(Ij.Cl)3Ru(PMe2ph3) 3 ] 3 + 
Ru (III) Ru (III) 
The other halogen containing compounds were found to 
have similar redox behaviour i.e. they show the expected 
two one-electron oxidations with 'i0.5V separation. The 
oxidations all occur at similar potentials versus the 
Ag/AgC1 reference regardless of the bridging halide. The 
1 containing complex is oxidised at slightly less positive 
potentials compared to the Cl - and Br complexes and the 
second oxidation is irreversible. The triplj hydroxy-bridged 
species also shows two one-electron oxidations, the second 
being irreversible. The oxidation potentials are approxi-
mately O.4V less positive than the equivalent halogen 
containing species. Presumably this difference is in part 
due to the hydroxy ligand being a better Tr-donor than the 
halogens. The p-SEt complex only undergoes one oxidation 
at +0.67V (versus Ag/AgC1). This is reversible onlyat low 
temperatures (T = 233K). 
The colour of each complex is dependent on the bridging 
ligand. When X = 0H the complex is pale yellow; X = Br, 
orange-yellow and X = 1, orange. 
We have shown in the previous chapters that complexes 
of the type [L3M(p-Cl) 3ML3 ]2+  where M = Ru, Os; L = PMe2Ph 
have a strong metal-metal interaction. The aim of this 
study is to vary the bridging ligands to determine the effect 
this has on the metal-metal interactions. 
Crystallographic studies of [(PMe 2 Ph) 3Ru(p-X) 3Ru-
(PMe2Ph) 3 ] where X = Cl, 28 0H, 6 in which there is 
probably no metal-metal interaction present, have been 
carried out. These show that for the larger Cl - ligand 
the Ru--Ru distance is 3.39k, 0.31 greater than in the 
case of the smaller 0H ligand, c.f. the data for the related 
complexes where L = PMe 3 discussed previously. 
The decreasing Ru--Ru distance on going from bridging 
Cl - to 0H is believed to reflect the differing ruthenium 
to bridging ligand distances and angles rather than an 
increased metal-metal interaction. No data are available 
for binuclear osmium complexes. 
3.2 	RESULTS AND DISCUSSION 
3.2.1 	M = Ruthenium 
The complexes where L = PMe2Ph; X = 0H, 1; n = 1 
were made according to the method of Ashworth, 6 where 
L = PMe2Ph, X = Cl- , n = 1 using the method of Chatt 1 and 
where L = PMe2Ph; X = Br; n = 1 by the method of Stephenson. 5 
The electrochemical and spectroelectrochemjcal 
results are shown in Table 3.2.1. A crystallographic study 
of the species where X = 1, L = PMe2Ph, n = 1 was undertaken 
to determine the differences in this structure from that 
where X = Cl - . 
Electrochemical studies were carried out in methylene 
chloride/0.5M TBABFL, when X =C1 and acetone/0.1M TBABFL, 
when X = 0H, Er, 1, to avoid halogen exchange, using 
Pt working and counter electrodes and an Ag/AgC1 reference 
electrode (as described previously) . 
-87- 
Table 3.2.1: Electrochemical and Spectroelectrochemical 
Results for [(PMe2Ph)3Ru(ji-X) 3 Ru(PMe 2 Ph) 3 ]+ 
• X a E112(V versus Ag/AgC1) max 
(cm') 	(mol'cm 1 djn 3 ) 
11,11/11,111 	II,III/III,III 11,111 
OH_b 086(0060) e 	137d 8,6.40 5,625 
cl_c 1.23(0.07) 	1.75(0.100) 5,000 2,613 
7,770 2,864 
Br_b 1.24(0.060) 	1.75(0.070) 5,000 1,917 
7,330 1,534 
1_b 
1.21(0.060) 	1•82d 4,850 2,511 
7,000 1,076 
a. Ferrocene/Ferrocjnjum at +0.56V 
b-. In acetone/0.1M TBABFL, at T = 290K 	(for electro- 
chemistry) 	and T = 243K 	(for spectroelectrochemistry) 
C. In Methylene Chloride 	at. 	T = 290K 	(for electro- 
chemistry) 	and 	T = 243K 	(for spectroelectrochemistry) 
 Irreversible even at low temperatures (T = 	243K) 
 EP F - ER 	(where EF and E' are potentials at the 
maximum of the forward and reverse scans respectively) 
are shown in brackets in V. 
Spectroelectrochemical studies were carried out by 
generating the [(PMe2 Ph) 3Ru(-X)3Ru(PMe2 Ph) 3] 2+  mixed-
valence species in situ at a suitable electrogeneration 
potential using the O.T.T.L.E. cell (usually 0.2V beyond the 
redox process) as described previously. The temperature was 
maintained at 243K for each experiment. Only the near 
infra-red region will be discussed. 
The electrochemical results have been discussed in 
Section 3.1. The spectroelectrochemical results will now 
be discussed. 
(a) Spectroelectrochemistry 
The complexes where X = Cl - , Br, 1 all showed two 
bands in the near infra-red region of the electronic spectrum. 
When X = 0H one broad asymmetric band is observed. The 
near infra-red bands occur due to the a 1 ' - a 2 " and e" 	a2 " 
transitions discussed previously. The ultimate spectra of 
the [(PMe2Ph)3Ru(j_X)3Ru(pMe 2 ph) 3 ] 2 + species where X = 0H, 
Cl - , Br and 1 are shown in Figures 3.2.1 - 3.2.4. 	The 
positions of the bands, umax' were found to be independent 
of the solvent used and the band halfwidth, 1, was found to be 
independent of the temperature and is less than 5000 cm'. 
This indicates that all species have strongly interact-
ing metal centres. The extent of the interaction varies as 
monitored by the near infra-red absorption spectrum. The 
positions of the near infra-red bands move to lower energy 
as the size of the bridging ligand increases which we would 
argue isrefiecting a decreasing metal-metal interaction. - 
In the case where X = Cl - , the highest energy band is 
the most intense, however when X = Br, 1, it is the lowest 
M. 
Figure 3.2.1: VIS/NIR Absorption Spectrum of 
[(PMe 2 Ph) 3 Ru (p_OH) 3 Ru (PMe2 Ph) 3 ] 2 + in 
Acetone I 0.1M TBABFI4 
(moIb-rdm) 
14171171171  
___ V max (cm) 
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Figure 3.2.2: VIS/NIR Absorption Spectrum of 
[(PMe2Ph)3Ru(p_Cl)3Ru(pMe2p)3]2+ in 
Methylene Chloride / 0.5M TBABFL at 
T = 243K 
( móiEm'd in3) 
max m 
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Figure 3.2.3: VIS/NIR Absorption Spectrum of 
[(PMe2 Ph) 3 Ru ( I _Br ) 3 Ru (PMe2 ph) 3 } 2 + 
in Acetone I 0.1M TBABFL 




Figure 3.2.4: VIS/NIR Absorption Spectrum of 
[(PMe 2 Ph) 3 Ru(p_I) 3 Ru (pMe2 ph) 3 ] 2 + 
in Acetone I 0.1M TBABFL 
(rnoi tcrrfdrn) 
300C1 
4- 	v m (cm') 
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energy band that is the most intense. This band is assigned 
to the ai l - a 2 " transition (see Chapter 1). This implies 
that as the metal-metal interaction decreases the all 
orbital is destabilsied compared to the e" orbital. This 
effect was also observed when the nature of the terminal 
tertiary P(III) ligand was varied and is discussed in more 
detail in Chapter 4. This was not however observed in the 
related [(NH 3 ) 3Ru(p-X) 3Ru (NH 3 ) 312+25 complexes where X = 
Cl- , Br. These complexes both have the most intense band 
at higher energy. This is discussed further in Chapter 4. 
(b) Single Crystal X-ray Structure of 
[(PMe2Ph)3Ru(jJ - I)3Ru(pMe2ph) 3 ]pF 6 
Details of the structure solution are given in the 
experimental section. 
The only solvent system which gave single crystals 
suitable for an X-ray crystallographic study of this species 
was a methanol/methylene chloride mixture. This unfortunately 
caused exchange of 1 by Cl - from HC1 present in the methylene 
chloride thus leading to the formation of [(PMe2Ph)3Ru(j-Cl) 3 -
Ru(PMe2Ph) 3 ]+ and HI. The crystals did not contain any mixed 
bridged species, that is 11 -C12IorLj-C112, as shown by FAB 
mass spectroscopy data which showed only parent ion peaks 
for the -C1 3 and P_ 1 3 species (at 1136 and 1411 amu 
respectively). 
The crystal used for data collection thus contained a 
mixture of the two species and led to problems with the 
solution. Refinement showed that there was a 3:1 mixture 
of p-Cl to p-I in the crystal. The e.s.d.' s on each I atom 
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and each Cl atom were low confirming that there are no 
mixed bridged species present. 
A view of the [(PMe2Ph) 3Ru(i-I) 3Ru(PMe2Ph) 31+ cation 
is shown in Figure 3.2.5 (without H atoms). Table 3.2.2 
gives a selection of bond lengths and angles. 
The Ru--Ru distance is 3.499(1)i This is 0.109 
longer than in the analogous ji-C13 species. 28 The average 
Ru-I-Ru angle is 82° which is smaller than in the case of 
the u-C13 species (Ru-Cl-Ru = 86 ° ). The Ru-61-Ru angle in 
the [(PMe2Ph) 3Ru(p-Cl) 3Ru(PMe2Ph) 3 ]+ cation present in the 
crystal is 87° which compares with that in the crystal 
structure of the pure u-C13 complex. For X = 0H, the 
average Ru-C-Ru angle is 900. It appears that as the size 
of the bridging ligand increases the Ru-X-Ru angle decreases. 
A similar effect is observed in the related 
[(NH3)3Ru(p-X)3Ru(NH3)3] 2 complexes where X = Cl - , Br. 
When X = Cl- , the average Ru-X-Ru angle is 70.2 ° ; whereas 
- 	 - 	 0 	I when X = Cl , the angle is 68.5 
The average Ru-I distance is 2.68, and the average 
Ru-Cl distance is 2.54w, slightly longer than in the crystal 
structure of the pure complex. 
(c) Conclusions 
As the size of the bridging ligand increases the metal-
metal interaction decreases. However, in Robin and Day's 29  
classification the interaction must always be regarded as 
strong. 
The crystal structure of [(PMe2Ph)3Ru(p-I)3Ru(PMe 2 PH) 3 ] 
shows the expected larger metal-metal distance than when 
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Figure 3.2.5: View of the [(PMe 2 Ph) 3Ru(p-I) 3Ru(PMe2Ph) 3] + 
Cation 
Table 3.2.2: Selected Bond Lengths and Angles for 
[(PMe2Ph)3Ru(p-I)3Ru(pMe 2 ph) 3 } 
Bond Lengths(A) with standard deviations 
Ru(1) - 	 1(1) 2.591(10) P(1) -C(111) 1.827( 	8) 
Ru(1) - 	 1(2) 2.599( 9) P(1) -C(121) 1.802(14) 
Ru(1) - 	 1(3) 2.736( 7) P(1) -C(131) 1.831(14) 
Ru(1) -C1(1) 2.604( 9) P(2) -C(211) 1;845( 	8) 
Ru(1) -C1(2) 2.562(10) P(2) -C(221) 1.796(15) 
Ru(1) -C1(3) 2.545(9) P(2) -C(231) 1.829(15) 
Ru(1) - 	P(1) 2.319( 4) P(3) -C(311) 1.843( 	8) 
Ru(1) - P(2) 2.297( 4) P(3) -C(321) 1.816(16) 
Ru(1) - P(3) 2.291( 4) P(3) -C(331) 1.810(15) 
Ru(2) - 	1(1) 2.668(10) P(4) -C(411) 1.845( 	8) 
Ru(2) - 	 1(2) 2.738( 9) P(4) -C(421) 1.815(13) 
Ru(2) - 	1(3) 2.740( 7) P(4) -C(431) 1.848(14) 
Ru(2) -C1(1) 2.562( 9) P(5) -C(511) 1.844( 	8) 
Ru(2) -C1(2) 2.483(10) P(5) -C(521) 1.818(14) 
Ru(2) -C1(3) 2.504(9) P(5) -C(531) 1.817(16) 
Ru(2) - 	P(4) 2.297( 4) P(6) -C(611) 1.842( 	8) 
Ru(2) - 	P(5) 2.308( 4) P(6) -C(621) 1.818(14) 
Ru(2) - 	P(6) 2.279( 4) P(6) -C(631) 1.821(14) 
Angles(degrees) with standard deviations 
Ru(1) - 	 1(1) -Ru(2) 83.4( 	3) 
Ru(1) -1(2) 7Ru(2) 81.86(25) 
Ru(1) - 	 1(3) -Ru(2) 79.41(18) 
Ru(1) -C1(1) -Ru(2) 85.2( 	3) 
Ru(1) -C1(2) -RU(2) 87.8( 	3) 
Ru(1) -C1(3) -Ru(2) 87.7( 	3) 
P(1) -Ru(1) - P(2) 94.21(13) 
 -Ru(1) - 	P(3) 92.81(13) 
 -Ru(1) - P(3) 97.84(13) 
P(4) -Ru(2) - 	P(5) 94.49(13) 
 -Ru(2) - 	P(6) 94.37(13) 
 -Ru(2) - 	P(6) 97.70(12) 
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X = Cl- . The metal-metal distances increase as the size 
of the bridging ligand increases but the average M-X-M 
angle decreases. 
3.2.2 	M = Osmium 
The complexes where L = PMe 2 Ph; X = Cl- , Br; n = 1 
were made according to the method of Coombe and Stephenson. 25(b)  
When L = PMe 2 Ph, X = 1; n = 1; a variation of this method 
was used. 
Electrochemical and spectroelectrochemical studies 
were carried out as in Section 3.2.1. In this case the 
[(PMe 2 Ph) 3Os(i-X) 3 Os(PMe 2 Ph) 	species could be observed 
by spectroelectrochemical methods. The oxidation state was 
not available for study in the case of the ruthenium contain-
ing complexes. This enabled the extended study of the 
dependence of metal-metal interactions on both the nature 
of the bridging ligand and the overall oxidation state of 
the complex. The results are shown in Table 3.2.3. 
Electrochemistr 
All species have similar electrochemical behaviour. 
All show two reversible one-electron oxidations. The 
complex where X = 1 is oxidised at slightly less positive 
potentials than when X = Cl - , Br. This behaviour is 
analogous to that observed for the ruthenium compounds. 
Spectroelectrochemistry 
When X 	Cl, Br; n = 2 two near infra-red bands are 
observed in the electronic spectrum. As in the case of the 
ruthenium complexes the band halfwidth, A, was found to be 
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Table 3.2.3: Electrochemical and Spectroelectrochemical 
Results for [(PMe2Ph)30s(j.i-X) 3 0s(pMe 2 ph) 3 ] 
X 	E1,2(V versus Ag/AgC1) a 	vmax(cm-1  ) 	 E(mol -1  cm -1  dm 3  
11,11/11,111 11,111/111,111 	11,111 111,111 	11,111 1±1,111 
ci_b +1•05(0•060)d +1.57(0.080) 	5000 	11480 	4875 	7220 
9200 	15000 	650 	2116 
Br_C +1.06(0.060) 	+1.56(0.080) 	4870 	10730 	4252 	6888 
8350 	14501 	425 	1871 
I_c 	
+0.99(0.060) 	+1.44(0.080) 	4970 	9640 	2416 	2348 
7840 	11400 	470 	1510 
11000 	17400 	403 	839 
Ferrocene/Ferrocjnjum at +0.56V 
In Methylene Chloride/0.5M TBABF 4 at T = 290K (for 
electrochemistry) and T = 243K (for spectroelectrochemistry) 
C. 	In Acetone/0.1M TBABF 	at T = 290K (for electrochemistry) 
and T = 243K (for spectroelectrochemistry) 
d. 	E 	Ep1 values are shown in brackets 
independent of temperature and the peak position, Vmax,  is 
independent of the solvent used. Both of these factors 
indicate a strong metal-metal interaction in 
[(PMe 2 Ph) 3 0s(p-X) 3 Os(PMe 2 Ph) 3 ] 2 . In the case of X = 1-
three bands are observed in the near infra-red region of the 
electronic spectrum. This is presumed to be due to a spin 
orbit coupling effect which has been discussed in Chapter 1, 
section 1.1. Figures 3.2.6 - 3.2.8 show the spectrum 
observed for X = Cl - , Br and 1 respectively. 
The most intense band observed in the near infra-red 
region is always the low energy band. On changing the 
bridging ligand the energy of the intense band does not 
change significantly. The energy of the weaker band does 
however decrease as the size of the bridging ligand increases. 
The extinction coefficients of all the bands decrease as the 
size of the bridging ligand increases. Both of these 
observations indicate a decrease in metal-metal interaction 
as X increases in size. 
Spectroelectrochemical monitoring of the n = 3 oxidation 
state, [(PMe 2 Ph) 3Os(i-X) 30s(PMe2Ph) 3] 	shows the near 
infra-red bands moving to higher energy forX = Cl - , Br, 1-
indicating an increase in metal-metal interaction as a 
further electron is removed from the complexes. Figures 
3.2.9 - 3.2.11 show the observed spectra for X = Cl, Br, 
I respectively. Thus we are suggesting that as the complexes 
are oxidised to the n = 3 oxidation state so the metal centres 
move closer together. To date we have been unsuccessful in 
growing crystals of [L305(p_X)30sL3]3+, where L = tertiary 
phosphine ligand, suitable for an X-ray crystallographic study. 
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Figure 3.2.6: VIS/NIR Absorption Spectrum of 
[(PMe 2 Ph) 30s (p-Cl) 30s (PMe2Ph) 3 1 2+ 
in Methylene Chloride / 0.5M TBABFI+ 





Figure 3.2.7: VIS/NIR Absorption Spectrum of 
(PMe2Ph) 30s (p-Br) 30s (PMe2Ph) 12+  
in acetone I 0.1M TBABFL+ at T = 243K 
( mc I m'dm3 ) 
200U 	 130')') 	 5000 
v 	(cm) Max 
-102- 
Figure 3.2.8: VIS/NIR Absorption Spectrum of 
[(PMe 2 Ph) 3 0s (p_I) 3 0s (pMe2 Ph) 3 ] 2 + 
in Acetone / 0.1M TBABF 4  
E(molcm dm 3 ) 





Figure 3.2.9: UV/VIS/NIR Absorption spectrum of 
[(PMe2Ph)30s(ji-C1)30s(PMe2Ph)3] 




Figure 3.2.10: VIS/NIR Absorption Spectrum of 
[(PMe2Ph)30s(ii-Br)30s(PMe2Ph)3] 
in Acetone / 0.1M TBABFL at T = 240K 
(moi'cm'dm) 
130(U) 	 88 
() max cm  
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Figure 3.2.11: VIS/NIR Absorption Spectrum of 
[(PMe2Ph) 30s (ti - I) 30S (PMe2Ph) J 
in Acetone / 0.1M TBABFL+ 
(rnokm'dm) 
24000 	 14000 
4 	v(cm) max 
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The electronic absorption spectrum shows more extreme 
differences in the n = 3 oxidation state as the bridging 
ligand is changed than in the n = 2 state. All near infra-
red bands decrease in energy as X increases in size. This 
is probably due to the fact that the metal centres are 
closer together than in the n = 2 oxidation state. Again 
the extinction coefficient of the near infra-red bands 
decrease as the size of X increases. 
In the ruthenium complexes the most intense band 
observed was not always the low energy one; as X decreased 
in size the high energy band became more intense until at 
= Cl the most intense band is that at high energy. 
This effect is not observed in the case of osmium complexes. 
This observation will be discussed more fully in Chapter 4. 
(c) Conclusions 
We conclude for the diosmium species that increasing 
the size of the bridging ligand decreases the extent of 
metal-metal interaction which is in agreement with the 
ruthenium complexes. This effect is more apparent in the 
oxidation state n = 3 than n = 2. 
3.3 	EXPERIMENTAL 
Electrochemical studies were performed using a PAR 
model 170 potentiostat and programmer as described previously. 
Temperature control was achieved as previously described. 
Spectroelectrochemjcal studies were carried out as 
described previously using the O.T.T.L.E. cell. The tempera- 
ture was controlled as described previously. The Perkin-Elmer 
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Lambda 9 Spectrophotometer was employed for these studies. 
Spectra were recorded over the range 3,125-50,000 cm'. 
Elemental analyses were performed by the Chemistry Department, 
University of Edinburgh. 	FAB mass spectra were recorded by 
the Chemistry Department, University of Edinburgh, using 
the Kratos-50TC Spectrometer, using 3-nitrobenzylalcohol 
(3-NOBA) as the matrix. 
7R _J__,_, 	- 
Methylene chloride was purified as described previously. 
All other solvents were used as supplied without further 
purification. 
RuC1 3 3H 2 0, K 2 0sC1 6 and OSO4 were obtained from 
Johnson Matthey. 
TBABFL, was prepared as previously described. PMe2Ph 30 
was prepared according to the literature method. 
[(PMe2Ph)3M(11-X)3M(pMe2ph) 3 ]pF 6 where M = Ru, X = 0H, 
	
- 	- 	1,6 	 - Cl , Br , I 	; M = Os, X = Cl -  , Br 	were prepared 
according to literature methods. 
1. 	Preparation of Tri-i-iodohexakis (dimethylphenylphosphine) 
diosmium (11,11) hexafluorophosphate 
0513 (PMe2Ph) 	(0.1g) (see 2. for preparation of this 
complex) and PMe 2 Ph (0.0625 ml) were stirred together 
for a short while in degassed 2-methoxyethanol under N 2 . 
The colour remained dark green/blue. The mixture was 
warmed to 50°C. After 30 minutes the solution was 
yellow in colour. The solution was maintained at this 
level of heating for a further hour. No further change 
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in colour occurred. It was expected that the yellow 
solution contained the OsI 2 (PMe 2 Ph) complex on-the 
basis of the known reaction of OsC1 3 (PMe 2 Ph) 3 and 
PMe 2 Ph in 2-methoxyethanol giving OsC1 2 (PMe 2 Ph). 
Following this method, the volume of the solution was 
reduced and acetone was added. No solid however formed. -%c 
L*oxis left overnight with no formation of solid. 
The volume of the solution was reduced to dryness and 
diethylether was added. A yellow solid then formed. 
A FAB mass spectrum suggested that this complex was 
the desired triple iodo-bridged complex. 
The counterion was exchanged for PF6 by dissolving 
.the compound in acetone and adding methanol/excess 
NHPF 6 to this. Slow evaporation yielded yellow/ 
orange crystals. These were washed with water, methanol 
and diethylether and dried in vacuo (0.052g, 59% yield). 
Elemental Analysis 	Found C: 33.51%, H: 4.02%, N: 0% 
Calculated for [C8H66I 3 Os 2 P 6 ]PF 6 
C: 33.22%, H: 3.81%, N: 0% 
FAB mass spectrum 	Found M+ = 1591 (100%) 
1450 (5%) 
1315 (15%) 
Calculated for 	[(PMe 2 Ph) 3O5(p- 1 ) 30s(PMe2Ph) 3]+ 
= 1589 
[(PMe 2 Ph) 3Q5( 	I ) 30s(PMe 2 Ph) 2 1+ 
= 1451 
[(PMe 2 Ph) 30s(ji- I) 30s(PMe 2 Ph)] + 
= 1313 
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2. 	Preparation of Tris (dimethylphenylphosphine) tri-iodo 
osmium(III) 
To a mixture of OsOL (0.1g), ethanol (5 ml) and concen-
trated HI (0.71 ml), PMe 2 Ph (0.3 ml) was added. The 
red/brown solution immediately turned blue/black. This 
was left stirring for 1 hour aiic1ws -'-k€& left for a few 
hours, after which blue/black solid formed. This was 
filtered and washed with water, cold ethanol and hexane 
cLn4 was dried in vacuo (0.22g, 57% yield). 
Elemental Analysis 	Found C: 28.92%, H; 3.24%, N: 0% 
Calculated for C2H 33 I 3 P 3 0s 
C: 29.23%, 	H: 3.35%, 	N: 0% 




Calculated for 0s1 3 (PMe 2 Ph) 3 
M = 985 
0s12 (PMe 2 Ph) 
= 860 
0s1 3 (PMe2Ph) 2 
= 846 
and OsI(PMe2Ph) 3 
= 734 
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Single Crystal X-Ray Structure of [(PMe2Ph) 3Ru(i-I) 3Ru-
(PMe2Ph) IPF6 
This complex was prepared as described previously. 
Crystal Data: [C3H66Io81Cl2.19P6Ru2]PF 6 , M = 1355.46, 
inonoclinic, space group P21/c, a = 14.510(6), b = 16.493 (6), 
c = 23.949(10)L 	= 97.026(33), V = 5694.1 	(from setting 
0 
angles for 11 reflections with 30 < 2e < 35, A = 1.54184A) 
= 4 .ca1c = 1.581g cm -3 , T = 293K, orange tapered plate, 
0.693 x 0.154 x 0.015 mm, p = 111.654 cm', F(000) = 2723. 
Data Collection and Processing: Stöe STADI-4 diffractometer, 
graphite monochromated Cu-K a  X-radiation, T = 293K, w/28 
scans with scan width (0.99 + 0.347 tan8) ° , 8303 data 
collected (2emax 120 0 , h-16-16, k-0-26, 1 0-26), 7322 unique 
data (Rjnt = 0.0521) , giving 5744 with F > 6o(F) for use in 
all calculations. No significant crystal decay or movement. 
Structure Solution and Refinement: A Patterson synthesis 
located the heavy atoms and subsequent iterative cycles of 
least-squares refinement using SHELX-76 31 and difference 
Fourier synthesis located all non-H atoms. Refinement 
showed that there was 72% [(PMe 2 Ph) 3 Ru(p-C1) 3Ru(PMe2Ph) 3 ]PF 6 
and 28% of [(PMe2Ph)3Ru(p-I) 3 Ru(PMe 2 Ph) 3 ]pF 6 in the crystal 
used for data collection. All non-H atoms were refined (by 
least squares on F) with anisotropic thermal parameters. 
The phenyl rings were fixed to be rigid hexagons. H atoms 
were fixed in calculated positions using AFIX. DIFABS 32  
absorption correction was carried out with minimum correction 
= 0.881 and maximum correction = 1.056. At final convergence 
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R = 0.0711, 	= 0.0968, S = 1.005 for 309 refined para- 
meters and the final AF synthesis showed no peak above 
0.714e 	or below 0.624e. The weighting scheme W' = 
+ 0.001329F 2 gave satisfactory agreement analyses and 
in the final cycle (A/cJ)max was 0.144. 
Atomic scattering factors were inlaid 31  or taken from 
reference 3. Molecular geometry calculations utilised 
CALC. 34 	The figure shown in section 3.2.1 was produced 
35 using ORTEP.  
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CHAPTER 4 
VARIATION OF TERMINAL LIGAND, L 
L = TERTIARY PHOSPHINE LIGAND 
-115- 
4.1 	INTRODUCTION 
It has been widely observed that altering the substi-
tuents on P(III) ligands markedly changes the behaviour of 
the ligands themselves and their transition metal complexes, 
in particular in their structural, spectroscopic and 
chemical properties. This was originally rationalized 
entirely in terms of electronic effects. 
A general view of how PX 3 ligands, X=halide, bind to 
transition metals was proposed by Chatt.' He suggested 
that the lone pair on the phosphorous forms a a-bond with 
the metal and that unfilled phosphorous 3d orbitals accept 
electron density from the metal to form a 7T-bond. This can 
be represented as follows: 
a 
7r 
This view excludes PR 3 and PH 3 , R=alkyi group, as only 
strongly electronegative atoms can cause sufficient contrac-
tion of the phosphorous 3d orbitals to make them suitable 
for n-bonding thus; PH 3 and PR 3 were originally classified 
as strong a-donors and weak 7-acceptors; whereas P(OR) 3 and 
PF 3 were considered to be weaker a-donors and very strong 
ir-acceptors. 
This explanation of transition metal-phosphorous bonding 
has been a subject of much controversy over the years. The 
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question being whether phosphorous can actually be involved 
in u-back bonding and if so does it use its d-orbitals. 
The 'n-acceptor theory above has been used to explain the 
properties of the transition metal-phosphorous bond. 
It was however widely accepted that the extent of 
'n-back bonding varied from ligand to ligand. Many groups 
have been involved in determining the extent of 'n-acceptance 
in tertiary P(III) ligands by measuring the v(CO) stretching 
2 	 3 vibration in complexes such as MO(CO)3L3 and Co(CO)3(N0)L, 
where L=tertiary P(III) ligand. The (CO) stretching 
vibration is used as a measure of 'n-acceptance because the 
bonding of CO to a metal centre can be viewed in a similar 
manner to that described for tertiary P(III) ligands except 
that in CO the acceptor orbital is an unfilled rr*_orbital. 
When both CO and P are bound to the same metal they compete 
for the electron density in the filled metal d-orbital. 
Weak 'n-accepting tertiary P(III) ligands allow more donation 
to the CO rr*_orbital hence causing the v(CO) stretching 
vibration to be lowered and vice versa for strongly 
'n-accepting tertiary P(III) ligands. The following order of 
'n-acidity resulted from these studies: 
NO > CO > PF 3 > PC1 3 > P(OPh) > P(OMe) 3 > PPh 3 > 
PMe 3 > PEt 3 > P(NC 5 H 10 ) 3 
Cotton  stated that measuring differences in the 	CO) 
stretching vibration was not as good a method of measuring 
'n-acidity as using force constant changes following the 
development of the Cotton-Kraihanzei force technique. 5 This 
gave a slightly different order of 'n-acidity. A major 
difference being that PF 3 was found to be a better 'n-acceptor 
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than CO. This observation was later reinforced by photo-
electronspectroscopy studies on Ni(CW4 and N±(PF 3 ). 6 
Bigorgne 7 opposed the idea that the P(III) ligands 
could be involved in any form of ir-back bonding. He 
measured the B1 \(CO) stretching vibration for a series of 
Ni(CO) 3 L and Ni(CO) 2 L 2 complexes where L=PMe 31 PEt 31 PPh 31  
P(CCPh) , P(CF3)3 and PF 3 and plotted this as a function 
of the Taft inductive constant, a, and obtained a straight 
line correlation. Tolman 8 repeated this work using a 
larger set of ligands and used the A1 v(CO) stretching 
vibration as a measure of the electronic effect. Tolman 
refers to the stretching vibration parameter, (CO), as a 
measure of the electron donor-acceptor property of the 
tertiary P(III) ligand rather than the 7-acceptor strength. 
The results showed that the values for alkyl, aryl, alkoxy 
and aryloxy P(III) ligands tend to correlate with a, 
however those for PF 31 PH 3 and P(CF3)3 do not. 
The oxidation state of the metal is also important 
regarding the nature of the bonding present between the 
metal and the P(III) ligand. When the metal centre is in a 
low oxidation state the ligand may be involved in 7-back 
bonding whereas if the oxidation state is high then it is 
likely to be involved only in a-donation. 
From the above discussion it is apparent that it is 
not necessary to explain the bonding characteristics of all 
P(III) ligands in terms of 7-back bonding. 
Attempts have been made to separate quantitatively a-
and n-effects. Angelici 9 studied a series of cis-Mn(CO) 3 L 2 
complexes where L=tertiary P(III) ligand, amine. A linear 
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correlation between pK ° and the v(CO) stretching vibra-
tion for all P(III) ligands was observed. Essentially pK a 
is a measure of the a-donicity of the ligand. Thus it was 
concluded that all the P(III) ligands studied showed no 
it-effects. Graham 11  and then Treichel 12 used force constants 
to separate a- and it-effects. Their results were however 
debatable as they showed PBu 3 to be as good a it-acceptor 
as P(OPh)3. On the whole these earlier studies have been 
unsatisfactory, mainly due to the limited range of compounds 
studied. More recent studies by Golovin 13 have proved more 
successful and will be discussed later. 
Molecular orbital calculations have been carried out to 
determine the electronic nature of .the frontier molecular 
orbitals of PH 3 , PMe 3 and PF 3 . 14 As expected the LUMO of 
PF 3 was found to have it-accepting properties whereas PMe 3 
did not. Surprisingly however the results showed that the 
low-lying it-acceptor orbitals consisted primarily of 
phosphorous orbitals with substantial 3p character and the 
ordering of the LUMOs in energy terms is: 
PF 3 < PH 3 < PMe 3 
Thus calculations predict back bonding to PF 3 is enhanced 
over PMe 3 due to the character of the LUMO and its more 
favourable energy. Further theoretical work has also shown 
that the d-orbitals on phosphorous are not necessary for a 
quantitative description of it-bonding effects. 15  The 
it-acceptor orbitals in this study were also shown to consist 
mainly of phosphorous 3p character. 
So far only the electronic effects of P(III) ligands 
have been discussed. 	In addition to these it has }een 
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observed that steric effects are at least as important. 16 
Steric -effects are the result of non-bonding forces 
between different parts of a molecule and may be altered by 
changing the angle between parts of a molecule either by 
repulsive interactions or by structural constraints. 
Electronic effects are transmitted along a chemical bond and 
may be altered by changing the electronegativity of the 
substituents on the ligand)' 	This can be represented as 
follows: 17  
 
Electronic Steric 
For example, 18 
P(-cH 3 ) 3 	and 	P(..._F) 3 	have 
different electronic effects but are sterically similar 
whereas the opposite holds for 
P(
-' OCH3) 3 and 	P( ) 
OCH 3 
These effects are often difficult to separate. Tolman 
has however quantified both steric and electronic parameters 
for a wide range of P(III) ligands. 
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Steric effects have been quantified as the ligand cone 
angle, 0. 0 is defined as "the angle of the cone with the 
apex at the metal which just-encloses the Van der Waals 
surface of all the substituent atoms on the P(III) ligands, 
o assuming that the bond length TM-P = 2.28k". 




These have been measured using molecular models. There 
has been some controversy over the method used to measure 0 
for bulky ligands such as tricyclohexylphosphine and ligands 
of the type PR 2 R' and PRR'R". 
For bulky ligands Alyea 19 introduced the concept of ligand 
profiles which are plots of 0/2 versus q, where 0 is the angle 
of rotation about the M-P bond: 
$ 9/2 	 1-2 
6 
 
p 	 C 
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This allows visualization of ligand sizes. It was 
observed that the P(III) ligands do not behave like regular 
solid cones. 
For ligands of the type PR 2 R' and PRR'R" Tolman 20  used 
the following method for calculation of e. 
28 
3 
where 92/3Ee 1 I 2 
J=1 
De Santo 21 et al. used the method of ligand profiles 
together with molecular orbital calculations to calculate cone 
angles. They calculate 0 for all low energy conformations of 
some P(III) ligands and consider these individually and as a 
contribution to overall weighted average cone angles rather 
than choosing the single conformer which minimizes B as Tolman 
did. Tolman has however measued 0 values for a much wider 
range of ligands and these are more widely accepted. TolmanTs 
O values will therefore be used in this work. 16,17 
Electronic properties have been quantified as discussed 
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previously, 8 ' 17 that is by measuring the Ai carbonyl mode of 
a range of Ni(CO)3L complexes, where L=P(III) ligand. When 
L=PtBu3, the lowest value of the v(CO) stretching vibration 
- was observed, v=2056.1 cm -1 . It was observed that successive 
replacement of one substituent on phosphorous by another 
causes the v(CO) stretching vibration to change by almost 
constant increments. Tolman stated that for PX1X2X3: 
3 
v . = 2056.1 +. 	Xi 
1= 1 
where Xi  is a measure of the substituent contribution to the 
electronic effect of the ligand. Xi is obtained for, species 
of the type PR3 by ((CO) - 2056.1)/3 = X1. For ligands of 
the type PR 2 R' and PRR'R" an overall X value can therefore 
be obtained by adding substituent contributions or unknown 
v(CO) stretching vibration values can be predicted. 
Bodner 22 determined electronic parameters for a number 
of tertiary P(III) ligands using 13 C n.m.r. chemical shifts. 
These were found to be in close agreement with those of 
Tolman. In this work the electronic parameter, X., of a 
particular P(III) ligand is taken to be: 
"u(CO) (for Ni(CO) 3 L) - 2056.1 = x, L=P(III) ligand 
using the (CO) stretching vibration values obtained by Tolman. 
There are many examples where the behaviour of a 
particular series of TM-P complexes can be attributed to one 
or other of these effects. 
1. 	Electronic effects 
There are many cases where electronic effects can dominate. 
For a series of NiL 4 complexes, where L=tertiary P(III) ligand, 
-123- 
it was found that as the electronic parameter of the ligand 
increased the observed band maximum in the electronic 
spectrum moved to higher energy. 20 	Electrochemical results 
also correlate with the electronic properties of the phosphine 
ligand. In a group of Mn(flC5H4Me) (CO)2L 23 complexes, where 
L=P(OPh)3, PPh3 and PEt3, there is a linear relationship 
between the v(CO) stretching vibration (i.e. electronic 
parameter) and their oxidation potentials. The redox properties 
of a series of[Mn(CO)5L]+ 24 complexes, which undergo a one-
electron reduction also vary with the electronic parameter 
of L, the tertiary phosphine ligand, with the reduction 
becoming easier as L becomes more electron withdrawing. 
Extensive studies by Golovin 13 have shown that the 
oxidation potential for complexes of the type of MeCp(CO)2MnL 
varies linearly with Tolman's electronic parameter of the 
tertiary phosphine ligand, L. He has classified the ligands 
studied into three groups to give more satisfactory results 
than the earlier work of Graham. 
Class 1: 	 o-donor / Tr-donor 
PR 31 R=Et, Bu, Cy 
Class 2: 	 G-donor 
PMe 3 , PR 3 _xPhx 
x=1,2 	R=Et, Me 
(2XPh) 3 P, X=H, Me, OMe 
Class 3 	 o-donor / rr-acceptor 
P(2C1Ph) 3 , 	P(OR) 3 
R = Ph, Me, Et, iPr, P(OMe)Ph2 
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This classification was drawn up on the basis of a 
O 
correlation of the oxidation potential, E', with the pKa 
values of R 3 PH+. Complexes with Class II ligands give a 
straight line correlation for PKa versus E02 ' ; 	Class III 
ligands lie to the right of the line and Class I ligands to 
the left. 
For Class II compounds the ease of oxidation must depend 
entirely on the a-donicity of the ligand. For Class I, the 
complexes are easier to oxidise than implied by the pKa 
values of the P(III) ligands. This is thought to be due to 
the TT-basicities of the ligands. Members of Class III show 
the opposite effect i.e. the ligands are poorer overall 
electron donors than expected by their PKa  values; this is 
attributed to the onset of n-acidity. 
It is important to note that pK values are dependent 
upon interactions between P and the hard acid, H+, rather 
than a soft acid such as a low valent metal. 
More recent studies by the same group have attempted 
to separate a- and if-effects without relying on pKa  values.25 
The electronic properties of tertiary phosphines were 
analysed using the v(CO) stretching vibrations and E? 
(reduction potential) values of the family of complexes 
nCpFe (CO)LCOMe, CpFe (CO)LMe and Cp' FeL(CO)COMe where 
Cp' = MeC 5 H 	and L = tertiary phosphine. A linear correla- 
tion of E20 versus the v(CO) stretching vibration was 
obtained for pure a-donors (Class 2 ligands); when n-effects 
are present there is considerable scatter (Class 1 or 3 
ligands). 
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2. 	Steric Effects 
Steric effects dominate in many cases, for example, 
rates of reaction, equilibrium constants, UV/VIS spectra, 
electrochemistry and molecular structures can all be 
correlated with 0. 
The monomeric family of complexes, RuX 2 L, where 
X= halogen, n = 3 or 4 and L = tertiary phosphine ligand, 
when dissolved in polar solvents such as methanol participate 
in several equilibria to form binuclear species of the type 
[L3Ru(ii-X)3RuL3 1. 
However, for bulky ligands such as PPh 3 only.the mono-
nuclear species is observed. 26 
It has been observed in a series of NiBr 2 L 2 27 complexes 
where L = PMePh2, PEtPh 2 and PPh 2 (tBu), that as the size of 
the tertiary phosphine ligand increases the lowest frequency 
transition in the electronic spectrum shifts to lower energy; 
being at 11,680 cm' for L=PMePh 2 and 10,800 cm-1 for 
L = PPh2 (tBu) 
Electrochemical results have also been explained using 
steric effects. [Co(salen)L2]+ and [Co(DH) 2 L 2 , 28 where 
salen = N,N'-ethylene bissalicylidene-irnrcd-o; and DH = 
dimethylgioximato, L = tertiary phosphine, both undergo a 
one-electron reduction, which shifts anodically as the size 
of L increases. For [Co(DH)2L2]+, when L = PPh 3 the 
reduction of Co(III) to Co(II) occurs at E = -0.14V versus 
SCE; when L = PMePh2 the same reduction process occurs at 
-0.61V (also versus SCE). 
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We set out to explore the effects of varying the 
terminal tertiary P(III) ligand on a series of compounds 
of type I, which were first made by Chatt, 29  
r L \VX N , L 1 
[L7M X- 
L 	
ZN  j 
I 
where M=Ru, Os; X_ = Cl - ; n = oxidation state and L is a 
variety of tertiary P(III) ligands. Species of this type 
undergo two reversible one-electron oxidations as previously 
discussed, i.e. 
[M(II)M(II)] 	 [M(II)M(III) 	
e 	
[M(III)M(III)] + 
As before the M(II)M(III) state is of particular interest as 
this is the mixed-valence state. All species of this type 
studied to date by spectroelectrochemical methods have been 
shown to be delocalised systems i.e. the metal centres are 
strongly interacting. We wanted to determine whether varying 
the tertiary P(III) ligand could alter the extent of the 
metal-metal interaction. 
Crystal structures of the species [L3M(p-X) 3ML3] n-4 
where L = PEt2Ph, 30  PMe2Ph 31 and PMe 3 32 ; X = Cl; n = 1 
and M = Ru have been determined previously. The metal-metal 
distances and Ru-Cl-Ru angles in these complexes vary; both 
are smallest when L = PMe 3 (3.28, 82 ° ) and largest with 
PEt2Ph (3.44w, 87.9°). This suggested to us that different 
P(III) ligands may show different degrees of metal-metal 
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interaction. We wished to probe this interaction for many 
different terminal tertiary phosphine ligands by spectro-
electrochemical techniques. 
A spectroelectrochemical study of the related complex 
[(NH 3 ) 3Ru(ij-Cl) 3Ru (NH3) j2 in acetonitrile gave two 
absorption bands at 17,150 cm' (strong) and 7,140 cm' 
(weak). 33  This result was compared with [(PEt2Ph)3Ru(p-Cl) 3 -
Ru(PEt2Ph) 12+ which exhibited one band at 4350 cm'. 33 ' 34 
It was suggested on the basis of these results that the 
greater the degree of -basicity exhibited by the terminal 
ligands then the greater the extent of electron delocalisa-
tion between the two metal centres i.e. the metal-metal 
interaction increases. A similar argument has been applied 
to explain the crystal structure data i.e. the- more basic 
the P(III) ligand then the shorter the metal-metal distance. 
The results can be correlated with the steric parameter, 0, 
of the ligand. The data available were extremely limited 
and it was therefore difficult to say if the observed effects 
were due to 7-basicity, steric parameter or a combination of 
the two factors. 
No data are available for Osmium complexes. 
4.2 	RESULTS AND DISCUSSION 
A range of binuclear ruthenium and osmium species 
[L 3 M(1_X) 3 ML 3 ]+ has been prepared using standard literature 
preparations 26,29,35,36  where L = PMePh2, PMe 2 Ph, PMe 3, PEtPh 2 , 
PEt 3 P 11Pr 3 , P(OMe)Ph2, P(OMe)2Ph, P(OMe) 3 ; X = Cl 
M = Ru; L = PMe2Ph, PEtPh2, P(OMe)Ph2, P(OMe)2Ph, P(OMe)3; 
= Br; M = Ru and L = PMePh 2 , PM2Ph, PEtPh2, PEt2Ph, PEt3, 
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PPr 3 , P(OMe)Ph2; X = Cl - ; M = Os. The counterion used 
in every case iAs PF6 except when L = PEt2Ph; X = Cl - ; 
M = Ru, where BFL+ ias used. 
Several new binuclear species were prepared M = Ru; 
L = P (OMe) 3 ; X = Cl, Br; M = Ru, L = P (OMe) Ph2, P (OMe) 2Ph, 
XBr; M = Os, L = P(OMe)Ph2, X=.C1; using the standard 
preparations available. 26,35,36  The complex where L = PMe3 1  
M = Ru, x=C1 had been previously prepared by Wilkinson 32 
involving the reaction of cis-RuClMe(PMe3)4 with AgBF. We 
however found that the method of Stephenson 26,36  could be 
used with better results. This method involves the inter-
action of RuC12(PPh 3 ) 3 with PMe3 in methanol. Wilkinson had 
previously stated that [(PMe3) 3 Ru(i-Cl) 3Ru(PMe3) 	was 
stable in air over a period of several days. However using 
our preparation the PMe 3 containing complex was found to be 
indefinitely stable. Schemes 4.2.1 and 4.2.2 detail the 
methods used for preparing the ruthenium and osmium complexes 
respectively. 
It should be noted that the binuclear osmium complexes 
proved much more difficult to make than those of ruthenium 
thereby limiting the range available for study. 
The electrochemical, spectroelectrochemical and 
theoretical results will now be discussed. 
4. 2. 1 	Electrochemistr 
(a) .M = Ruthenium 
Electrochemical studies were carried out as previously 
described in methylene chloride/0.5M TBABFL f when x = C1 
and acetone/O..1M TBABFLf when X = Br. All complexes studied 
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Scheme 4.2.1: Methods used for Preparation of Complexes 
of the Type [L3Ru(p-X) 3 RuL3] + where 




[RuH(COD)(NH 2 NMe2 ) 31 + 
L = F(OMe)Fh2 , P(OMe)2  Ph 1 P(OMe) 35 3 
__ 	 __ 
HX xci; 3r 
2 : 1 	L. P(OMe)Ph 2 P(OMe)2Ph 1 P(OMe)3 
L 
L— Ru__ -Ru 
 __ 
L 	 X 	 L 
	
MeOH/H 2 O49 . 	\MeOH 6 
RuX3H2O + L 	 RuX 2(PPh3) 3 + L 
L PEtPh2 , PEt2Ph 2 	L= M 3 , PEt3 F t Fn 
PMePh2 PMe2Ph 	 P(OMe)Ph 2 IF(OMe' 2 Ph 
x;cr 	 x=cr 
L PMe 2Ph PEt Ph2 
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Scheme 4.2.2: Methods used for Preparation of Complexes 
of the Type [L30s(p_Cl)psL3]+ where 
L = tertiary phosphine ligand 
142 1  OSC161 +L ,ANH4 K 
L= PEt3 FPr ) PtvPh2 , 




33 /sobnoI \MeOH 
c is-OsCI 21Z 	 trans -Osa2 L4 
L isopropyl alcohol 
	
hex2ne 
I - P(flNAcPk 
inerOsCi L 
1 	L = PMe2 Ph, PEt2Ph 
L... - 	
2 
OsCl2(PPh3 )3 + L 
MeCH. 
[A]2[cci6] + - I+ L 	 [ria]2[oscL6] + PPh 
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undergo two one-electron oxidations. The cyclic voltarumo-
gram and a.c. voltammogram for L = PEt 3 , X-=C1, M = Ru 
are shown in Figure 4.2.1. 
The oxidation potential values for [L3Ru(M-Cl)3RuL 3 ] 
are given in Table 4.2.1 which also includes the difference 
in anodic and cathodic peak potentials for each redox 
process (AE). It is immediately obvious from the results 
that the terminal ligand L greatly influences the potentials 
of the metal-based redox steps. The potential of the first 
oxidation process [L3Ru(1j_Cl)3RuL3]+/2+ can be shifted 470V 
more negative by replacing L = P(OMe)3 by PEt 3 . The AE 
values for the first oxidation process range from 60-7OmV 
indicating electrochemical reversibility; those for the 
second oxidation process are larger ranging from 80-120mV. 
This may be due to a larger structural change occurring in 
the complex on further oxidation or due to the fact that 
these oxidations occur close to the breakdown of the solution.. 
It can be shown that the first oxidation potential of 
each species is directly dependent on the electronic para-
meter of the tertiary phosphine ligand. This is shown in 
Figure 4.2.2. There is no simple linear relationship 
between the redox behaviour and the steric parameter, e, 
of the phosphine ligand. 
The electrochemical results for the species where 
= Br display the same behaviour, that is, we observe two 
one-electron oxidation process whose potential is dependent 
upon L. This is shown in Table 4.2.2 and Figure 4.2.3. 
Studies carried out in this laboratory 37  on monomeric 
Figure 4.2.1: Cyclic Voltammogram (c.v.) and a.c. Voltammogram of [(PEt3) 3Ru(p-C1) 3Ru(PEt3) ] + 
in Methylene Chloride I 0.5M TBABFL. 	T = 290K. 
Ni 
E112 (V Versus /AgCI) 
	
I 	 I 
0 1.0 
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Table 4.2.1: 	Ei (V) values for [L 3 Ru(p-Cl) 3 RuL 3 ] 	in 
Methylene Chloride / 0.5M TBABFI+ 
L E1/2(V versus Ag/AgC1) a,b 
11,11 I 	11,111 11,111 I 	111,111 
PMePh 2 1.36 (0.070) 
C 1.78 (0.100) 
PMe 2 Ph 1.23 (0.070) 1.75 (0.100) 
PMe 3 1.21 (0.060) 1•74d 
PEtPh 2 1.23 (0.060) 1.79 (0.080) 
PEt2Ph 1.20 (0.070) 1.74 (0.100) 
PEt 3 1.12 (0.060) 1.71 (0.080) 
pnpr 3 1.20 (0.070) 1.80 (0.090.) 
P(OMe)Ph2 1.41 (0.070) 191e 
P(OMe)2Ph 1.48 (0.080) 1.85 (0.100) 
P(OMe) 1.59 (0.060) 1.94 (0.100) 
Ferrocene/Ferrociniurn = +0.56V 
T = 290K 
C. 	 EF - ER values are shown in brackets in 
V (where EF and ER are the potentials at 
the maximum of the forward and reverse 
curves respectively) 
[(PMe 	Ru(p-Cl) 3 Ru(PMe 	3 + coats the 
electrode 







Figure 4.2.2: Graph of X(cm') versus E112(V) 	for 
[L3Ru(ji-Cl)3RuL3] 1 in Methylene Chloride I 
X(crril) 	0.5M TBABFL+ at T = 290K. 
1•1 	
E112( V versus Ag/AgCb5 
j 
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Table 4.2.2: 	E (V) values for [L3Ru(-Br)3RuL3] 
in acetone I 0.1M TBABFL+ 
L E1/2(V versus Ag/AgC1) a,b 
11,11 / 	11,111 11,111 I 	111,111 
PEtPh 2 1.8 (0.060) 
C 1.75 (0.080) 
PMe 2 Ph 1.22 (0.060) 1.23 (0.080) 
P(OMe)Ph2 1.39 (0.070) 1.88 d 
P(OMe)2Ph 1.45 (0.070) 1.79 (0.090) 
P(OMe)3 1.51 (0.060) 1.86 (0.080) 
Ferrocene/Ferrocinium at +0.56V 
T = 290K 
C. 	 E 	 - Ep 1 values are shown in brackets 




Figure 4.2.3: Graph of X.m 1) versus E112 (V versus Ag/AgC1) 
for [L3Ru(11_Br)3RuL3]+12+, at T = 290K in 
i 	 Acetone / 0.1M TBABF 4  
X(crn) 
12 	E112(Vverst.s 	1.5 
AgIAgCi) 
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complexes of the type RuC1 3 L 3 where L = PEt 3 , PMe 2 Ph, 
PEt 2 Ph showed that the metal based reduction potential was 
dependent on the pKa value of the tertiary phosphine ligand 
i.e. as the pKa value increases the reduction became more 
difficult. In our studies of the binuclear complexes an 
attempted correlation between the redox potential and the 
pKa '° value is shown in Figure 4.2.4. On the basis of the 
studies by Golovin et al. discussed previously we would 
expect the Ej values for the complexes with L = PM2 3 ,PMe 2 Ph, 
PMePh 2 , PEt 2 Ph and PEtPh 2 to show a straight line correlation 
with the pKa values. The complex with L = PEt 3 would be 
expected to lie to the left of the line and those with 
L = P(OMe)Ph2, P(OMe) 2 Ph and P(OMe) 3 to the right. We 
observe that the complexes where L = P(OMe)2Ph and P(OMe) 3 
show the greatest deviation from the straight line indicating 
that these ligands exhibit a degree of a-character in their 
bonding. The other ligands are behaving purely as a donors. 
The use of pKa values as a measure of a-donicity is however 
suspect as discussed in Section 4.1. We maintain that a 
more meaningful relationship is obtained using the electronic 
parameter versus the electrode potential. 
It has been previously stated (see Chapter 1) that the 
separation between the first and second oxidation for 
symmetric binuclear complexes is approximately 0.5V for 
X = Cl, Br. Table 4.2.3 gives the values for X = Cl - . 
It can be seen, however, that the separation varies with 
different terminal tertiary phosphine ligands being 0.6V 
when L = pnpr 3 and only 0.35V when L = P(OMe) 3 . A plot of 
the electronic parameter, x' against the separation in 
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Figure 4.2.4: Graph of pKa versus E112(V) for 
I [L3Ru()i-Cl)3RuL3] in Methylene Chloride I 












1•0 	E112(V versus Ag1Ag1• 5 
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Table 4.2.3: 	Separation (AE (V)) Between the First and 
Second Oxidation Potentials for 
[L3Ru(-Cl)3RuL3] in Methylene Chloride I 
0.5M TBABFI+ at T = 290K 
L 	 A  (V) 
PMePh2 	 0.42 
PMe 2 Ph 	 0.52 
PMe 3 	 0.53 
PEtPh2 	 0.56 
PEt 2 Ph 	 0.54 
PEt 3 	 0.59 
pnpr 3 	 0.60 
P(OMe)Ph2 	 0.50 
P(OMe)2Ph 	 0.37 





Figure 4.2.5: Graph of X(cm') versus the Separation 
between the Two Oxidation Potentials (AE) 
in V of [L3Ru(p-Cl)3RuL3] in Methylene 
Chloride / 0.5M TBABFL + at T = 290K 
(cm 1 ) 
0.3 	 E(Vverus4/igCDO.5 
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oxidation potentials is given in Figure 4.2.5 which shows 
that the separation tends to decrease as the ligand becomes 
more electron withdrawing. We conclude that a 0.5V separa-
tion between the two redox processes is not necessarily 
indicative of electron delocalisation between the two metal 
centres. 
M = Osmium 
Electrochemical studies on the binuclear osmium 
complexes were carried out in the same manner as in (a) 
The osmium species all showed similar electrochemical 
behaviour to that of equivalent ruthenium complexes. 
Table 4.2.4 shows the redox potentials and Figure 4.2.6 
shows the correlation of the redox potentials with the 
electronic parameter, x of the tertiary phosphine ligand. 
We observe once again a linear relationship between the 
electronic parameter and the oxidation potential with a 
similar gradient as for the ruthenium analogues. All 
oxidations occurred at %0.2V less positive than the 
analogous ruthenium complexes (see Chapter 2) 
Conclusions 
The redox behaviour of the binuclear ruthenium and 
osmium complexes studied is dependent on the electronic 
properties of the tertiary phosphine terminal ligand present. 
A good correlation between the electronic parameter, X and 
the first metal-based oxidation potential has been achieved. 
Thus by altering M, L and , we can fine tune the redox 
chemistry of these binuclear complexes over a 0.69V range 
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Table 4.2.4: 	E (V) values for [L30s(p-C1)3OsL 3 ] 
in Methylene Chloride I O.SM TBABFL+ 
L E 	(V versus AgIAgC1) a,b 
11,11 / 	11,111 11,111 	I 111,111 
PMePh 2 1.18 (0.060) 
C 1.51 (0.080) 
PMe 2 Ph 1.06 (0.060) 1.56 (0.080) 
PEtPh 2 1.04 (0.060) 1.58 (0.060) 
PEt 2 Ph 1.02 (0.070) 1.58 (0.080) 
PEt 3 0.90 (0.060) 1.46 (0.070) 
PPr 3 0.95 (0.060)' 1.53 (0.079) 
P(OMe)Ph2 1.26 (0.060) 1.78 
Ferrocene/Ferrocinium.at +0.56V 
T = 290K 
C. 	 EF - Ep' values are shown in brackets 
20 
-143- 
Figure 4.2.6: Graph of X(cm') versus E112 (V) for 
[L30s(p-C1)3OsL3] in Methylene Chloride I 
0.5M TBABF + at T = 290K 
X( cm -1 ) 
0.9 	 1.2 E1/2(V versus Ag/AgCI) 
-144- 
for the first oxidation process and 0.48V for the second 
oxidation. 
4.2.2 	Spectroelectrochemistry 
In order to probe the metal-metal interactions in the 
symmetric binuclear complexes further we studied, by 
spectroelectrochemical techniques, the one-electron oxidation 
product of all the compounds discussed in section 4.2.1. 
The [L3M(pX)3ML3] 2+ mixed-valence state was electro-
generated in situ for each species in methylene chloride! 
0.5M TBABFLf when X = Cl - and acetone!O.1M TBABFL+ when X = 
Br, at a suitable potential using the O.T.T.L.E. cell as 
described previously (usually 0.2V beyond the redox process). 
The temperature was kept constant for each experiment, 
within the range 263-269K depending on the complex under 
study. (A typical study is shown in Figure 4.2.7.) 
The only species where [L3Ru(jj_X)3RUL3] 3 + could be 
observed was when X = 3r and L = P(OMe)3. This was shown 
to be reversible for: 
{(P(OMe)3)3Ru(I1_Br)3Ru(P(OMe)3)3]+ 	[(P(OMe)3)3 Ru(i-Br)3- 
- 	 +e 
Ru(P(OMe) 3 ) 3 ] 2 	[(P(QMe)3)3Ru(ji-Br)3Ru(P(QMe) 3 ) 3 ] 3 
+e 
(T = 265K) 
Several attempts were made to observe the 
[L 3 Ru(i .I_X) 3 RuL 3 ] 3 + species for complexes containing other 
tertiary phosphine ligands. However decomposition took 
place even at very low temperatures (T = 223K) as observed 
by a failure to regenerate the starting material spectrum. 
All [L30s(-Cl) 3 OsL 3 ] 3 species could be reversibly generated. 





Figure 4.2.7: Electronic Absorption Spectrum showing 
the Conversion of 
[(PEtPh2) 3Ru(p-C1) 3Ru(PEtPh2) 31 
[(PEtPh 2 ) 3Ru(-Cl) 3Ru(PEtPh2) 3]2+ in 
Methylene Chloride I 0.5M TBABFL 
IE (momdm3 ) x10 3 
23000 	 13000 
v(cm) 
-146-- 
analogous ruthenium and osmium binuclear complexes was due 
to the more accessible oxidation potentials of the osmium 
complexes. However when M = Os, L = P(OMe)Ph2 and X= C1 
the second oxidation occurs at +1.78V which is similar to 
the ruthenium species for L = PMe 2 Ph and X = Cl (E+1.75V) 
and in this case [L 3 Ru (p_C].) 3 RuL 3 ] 3 + could not be observed. 
Furthermore in the [(P (OMe) ) 3Ru(ij-Br) 3Ru(P(OMe) ) 3] + 
complex the first and second oxidation potentials are at 
+1.51 and 1.86V respectively. Thus there must be some other 
factor governing the stability of the [L 3 M(p-X) 3ML3] 3+ 
(vide infra). 
The oxidation states will now be discussed in turn. 
(a) 	[L 3 M(11-X) 3 ML 3 ] 
The spectra for analogous [L3Ru(p_X)3RuL3]+ and 
[L 3 0s(11_X)3OsL 3 ] + species are very similar. All spectra 
are dominated by a high energy band at approximately 30,000 
cm' (c5000 mol'cm 1 dm 3 ) which in most cases has a shoulder 
at lower energy. Tables 4.2.5 - 4.2.7 give the position of 
the observed bands. Figure 4.2.8 shows the spectrum of 
[(PEtPh2)3Ru(ii -Cl)3Ru(PEtPh2)31 which is typical of all 
species. 
We assign the band as an intraligand transition of the 
tertiary phosphine ligand for the following reasons. 
1. It does not change significantly in either 
position or intensity upon oxidation which would 
be expected if it were due to a charge transfer 
transition. 
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Table 4.2.5: 	Positions of Bands ('max)  in the Electronic 
Absorption Spectrum of [L3Ru(i-Cl) 3 RuL 3 ] 4 
in Methylene Chloride I 0.5M TBABFL+ at 
T = 266K ±3K 
L Vmax 	(cm-') (mol1cm'dm3) 
PMePh 2 25,600 (sh) 3,548 
27,965 4,489 
PMe 2 Ph 27,000 (sh) 3,484 
29,551 4,057 
PMe 3 29,241 2,330 
32,100 2,282 
PEtPh 2 24,400 (sh) 1,766 
27,473 4,010 
PEt 2 Ph 25,700 (sh) 1,431 
28,936 2,294 
PEt 3 27,000 (sh) 1,709 
30,000 2,279 
pnpr 3 26,900 (sh) 2,047 
30,267 2,831 
P(OMe)Ph2 27,778 5,878 
P(OMe) 2 Ph 	 31,000 	 6,946 
P(OMe)3 	 33,335 	 2,460 
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Table 	4.2.6: Positions of Bands 	(umax) 	in the 
Electronic Absorption Spectrum of 
[L 3 Ru(p_Br) 3 RuL 3 ]+ in acetone / 0.1M 
TBABFL 	at 	T = 266K ± 3K 
L umax 	(cm-') E (mol 1 cm'dm 3 ) 
PMe2Ph 26,700 	(sh) 3,247 
28,736 3,477 
PEtPh 2 27,262 4,448 
P(OMe)Ph 2 26,882 4,984 
P(OMe)2Ph 30,340 a 7,965 
P(OMe) 3 32,176 a 4,733 
a. 	In Methylene Chloride / 0.5M TBABFL+ at T = 266K 
to observe high energy band. 
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Table 4.2.7: 	Position of Bands (vmax) in the Electronic 
Absorption Spectrum of [L30s(p-C1) 3 OsL 3 ] 
in Methylene Chloride I 0.5M TBABFL at 
T = 266K ±3K 
L Vmax 	(cm') (mol 1 cm'dm 3 ) 
PMePh2 25,000 (sh) 992 
31,018 5,705 
PMe2Ph 32,638 5,703 
PEtPh22 24,400 (sh) 1,033 
30,230 7,573 
PEt2Ph 32,342 6,987 
PEt 3 31,500 (sh) 3,163 
32,200 4,486 
pnpr 3 31,800 (sh) 3,274 
34,200 5,135 
P(OMe)Ph2 33,000 13,246 
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Figure 4.2.8: Electronic Absorption Spectrum of 
[(PEtPh2)3Ru(ij -Cl)3Ru(PEtPh2)31 	in 
Methylene Chloride at T = 293K 




2. 	Monomeric species of the type MX 2 L, where 
M = Os, X=C1 and L = tertiary phosphine ligand, 
show a band at a similar energy with similar 
intensity, which also behaves in an analogous 
manner on oxidation. 
There are three points to note about this band: 
As the ligand becomes bulkier i.e. the 
size of the cone angle, 0, increases the band 
tends to move to lower energy. 
In a series of CrL2(NCS) 38 complexes, 
where L is a tertiary phosphine ligand, the 
position of the L, ligand field band shows .a 
similar effect. When L = PMe 3 (0=118°) it is 
observed at 19,950 cm', L = PEt 3 (0=132°) at 
19,500 cm' and L = PEt 2 Ph (0=136°) at 19,050 cm'. 
The positions of the bands are found to 
be lower in energy when X = 3r than when 
X = C1 for the same tertiary phosphine ligand. 
Studies on some NiX 2 L 2 39 complexes where L = 
tertiary phosphine ligand, X 	Br, Cl - show 
a band at 25,000 cm' which decreases in energy 
on replacing Cl - by Br. For example, a band is 
observed at 25,000 cm -1 for X= Cl- ; when 
= Br this band shifts to 24,650 cm'. 
The bands move to higher energy when the 
metal centre changes from Ru to Os. 
We observe no other bands in this region of the spectrum. 
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(b) 	[L 3 M(p-X) ML 3 1 2 
For all [L 3 M(p-X) 3ML3 2+  species studied there are: 
Two bands observed in the near infra-red 
region of the electronic spectrum. 
A weak broad band in the visible region 
which is displayed by most complexes. - 
A more intense band at higher energy. 
Tables 4.2.8 - 4.2.10 show the positions of these bands. 
Figure 4.2.9 shows a typical [L 3 M(p-X) 3 ML 3 } 2 spectrum. 
1. 	Near Infra-Red Bands 
In all cases the band positions, max'  do not vary 
with solvent, the band halfwidth values, Aj, are 5000 cm -1 
and are insensitive to altering the temperature. It was 
therefore concluded that all systems studied are delocalised 
i.e. there is a strong metal-metal interaction and the 
bands are due to transitions within the molecular orbital 
framework (Chapter 1) . The two bands are expected on the 
basis of the molecular orbital calculations discussed 
previously (Chapter 1). They arise from the following 
transitions 
a l l - a 2 ll z allowed 
and e" - a 2 " 	x,y allowed 
As discussed in Chapter 1 the a 1 ' - a 2 " transition is likely 
to be the most intense and this is taken as a measure of the 
metal-metal interaction. 
The results for each metal will be discussed in turn. 
MWICZ 
Table 4.2.8: 	Positions of Bands (Vmax) in the Electronic 
Absorption Spectrum of [L 3 Ru(p-Cl) 3RuL3] 2+ 
in Methylene Chloride / 0.5M TBABF 4 	at 
T = 266K± 3K 
L Vmax 	(cm 	
1) c (mol 	1  cm 	'dm 3 ) 









PMe 3 6,000 1,997 
9,340 6,610 
17,000 237 
24,000 	(sh) 1,189 
28,400 4,042 




PEt 2 Ph 4,675 1,780 
7,000 995 






Table 4.2.8: 	continued 
L vmax 	(cm-') (mol 	
1  crn 	'dm 3 ) 





















Table 4.2.9: 	Positions of Bands (max) for 
[L 3 Ru(1!_Br) 3 RuL 3 ] 2+ in acetone / 0.1M 
TBABFL+ at T = 266K± 3K 
L 'umax 	(cm-') c(moI'cm'dm3) 












P(OMe) 2 Ph 	 6,600 a 
	 1,210 
	
10,468 	 3,632 
31,686 6,690 
P(OMe) 3 	 7,400 a 
	 1,017 
12,007 	 4,733 
25,000 4,379 
33,378 	 1,636 
a. 	In Methylene Chloride / 0.5M TBABFL+ to observe high 
energy bands at T = 266K. 
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Table 4.2.10: 	Positions of Bands ("max)  in the Electronic 
Absorption Spectrum of [L 3 0s(11-Cl) 3 O s L 3 ]Z+ 
in-Methylene Chloride I 0.5M TBABFi+ 	at 
T = 266K± 3K 
L umax 	(cm-1) (mol1cm1dm3) 
PMePh 2 4,938 3,522 
7,716 1,091 
18,643 1,208 
24,300 	(sh) 1,510 
30,377 5,384 
























E (mol'cm 1 dm 3 ) 




















Figure 4.2.9: Electronic Absorption Spectrum of 
[(PEtPh 2 ) 3 Ru(ii-C1) 3Ru(PEtPh2) j2+ in 
Methylene Chloride / 0.5M TBABFLF 
(rndEmm 3 ) x iO 
23000 	 13000 	 5000 















All the complexes [L3Ru(p_X)3RuL3]2+ studied have been 
determined to be delocalised systems, however the degree of 
the strong metal-metal interaction can be altered by using 
different tertiary phosphine ligands. For X = Cl - , the 
energy of the most intense band (al' - a2 11 ) varies over a 
wide range from 4,500 cm'- 11,350 cin' (see Table 4.2.8 
on p153/4) as L is altered. If the position of this band, 
max' is plotted as a function of the electronic parameter, 
X , of the tertiary phosphine ligand as in section 4.2.1 no 
direct correlation is observed as shown in Figure 4.2.10. 
If however umax  is plotted as a function of the steric 
parameter, e, of the ligand then a straight line correlation 
is observed. This is shown in Figure 4.2.11. This indicates 
that the extent of metal-metal interaction is governed by 
the size of the ligand. In addition as the size of the 
ligand increases the separation between the bands decreases 
(there are some anomalies e.g. with L=PEtPh 2 which has the 
largest 0, but this is a general trend). 
It has been previously suggested that the degree of 
metal-metal interaction in ruthenium complexes is dependent 
on the degree of ir-basicity of the terminal ligand, L. 
Our evidence does not bear this out e.g. PEt 3 and PMe 3 
have similar basicities; their pKa values being 8.69 and 
8.65 respectively. When L=PEt 3 , bands are observed at 4700 
(E = 3052 mol'cm'dm 3 ) and 7246 cm 1 (2523 mol 1 cnr'dm 3 ) 
whereas when L=PMe 3 the bands are observed at 6000 (E = 
1997 mol'cm 1 dm 3 ) and 9340 cm- '( E = 6610 mol 1 cm 1 dm 3 ). 
Thus we would argue that there are different amounts of 
Figure 4.2.10: Graph of \max(cm') versus x(cm') for [L3Ru(p_C1)3RuL3]2+ at T = 266K in 
Methylene Chloride I 0.5M TBABFL+ 
 











Figure 4.2.11: Graph of Vmax (cm- ') versus O( ° ) for 
[L 3 Ru ( p _Cl) 3 RuL 3 ] 2 + at T = 266K in 
Methylene Chloride I 0.5M TBABF 4  
ax m 1 ) *iO 3 
110 	 O( 0) 	 140 
-162- 
delocalisation for these two compounds; the greatest being 
for the slightly less basic L=PMe3. When L=P(OMe)3, which 
is the least basic ligand used in the study, the most 
intense near infra-red absorption lies at the highest energy 
observed (11,350 cm'). There is a correlation within the 
group of PR3_XPhX, x = 0, 1, 2 ligands which is shown in 
Figure 4.2.12; the interaction decreasing as the basicity 
decreases as suggested (c.f. relation of umax  to electronic 
parameter). The steric parameter does however also decrease 
as the basicity decreases within these groups of ligands. 
We conclude therefore that the steric parameter, e, 
of the tertiary phosphine ligarrd is the major factor contribut-
ing to the extent of metal-metal interaction in these 
complexes. Interestingly, the spectrum of the related 
complex [(NH 3 ) 3Ru(-Cl) 3Ru (NH3) 	can now be re-examined - 
and interpreted on steric grounds rather than -basicity. 
Thus for L=NH 3 we would expect 0 to be small and hence the 
intense a l l - a 2 " transition to be at high energy with a 
large separation to the much weaker e" - a 2 1' transition at 
lower energy. Experimentally [(NH 3 ) 3Ru(i-Cl) 3Ru(NH3) 3]2+ 
is observed to have an intense transition at 17,150 cm -1 and 
a weaker transition at 7140 cm. 
A further point to note regarding the spectra of the 
[L 3 Ru(ii-X) 3 RuL 3 ] 2 species is that the most intense band 
which we assign as a a l l - a 2 1 ' transition is not always the 
higher energy band. For ligands with small 0, then the most 
intense band is at highestenergy. However as 0 increases 
so the bands become almost equal in intensity and for the. 





Figure 4.2.12: Graph of \)max(cm 1 ) 
[L3Ru(p-Cl) 3RuL3] 2+ 
/ 0.5M TBABF4 at 
versus pKa for 
in Methylene Chloride 




Figure 4.2.13 illustrates this, showing the spectra 
observed for the species where L=PMe 3 (0=118 ° ), PMe 2 Ph 
(0=122°) and PEt 2 Ph (0=136°). The molecular orbital scheme 







which suggests that the intense all - a2" transition should 
be higher in energy than the e" - a2" transition. 
The work of Hoffman 40 on the triple chloro-bridged 
species [C1 3 M(p-C1) 3MC13 In  and [(CO) 3M(-Cl) 3M (CO) 31m where 
M=Fe, Re; n, m = charge of complex, calculated that as the 
M-C1-M angle increases the e" and a1 orbitals cross over 
in energy. See Figure 4.2.14. We therefore considered that 
a similar crossing of orbitals might be occurring in our 
systems, thus explaining the phenomenon noted above. 
The crystal structures of several [L 3 Ru (p_Cl) 3 RuL 3]+ 
species where L=PEt 2 Ph, PMe 2 Ph and PMe 3 show that as the 
size of the ligand increases, the Ru-Cl-Ru angle and the 
metal-metal distance also increase reinforcing the above 
suggestion. 
Thus for tertiary phosphine ligands with small values 
of 0 and hence an overall structure close to the model 
































Figure 4.2.13: Electronic Absorption Spectra of 
[L3Ru(p_Cl)3RuL3]2+ where L= PMe 3 , 
PMe2Ph and PEt2Ph in Methylene 
Chloride I 0.5M TBABFL 
- 
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Figure 4.2.14: Difference in Energy between Some Energy 
Levels of (CO)3M(i-Cl)3M(CO)3 and 













( -Ilrom Hoffman 1979, 
reference 40) 
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higher energy than the weaker e"-* a 21  transition. As 
increases so the two transitions become energetically more 
equivalent until for large values of 0 the weaker e" 	a2 1 ' 
transition is higher in-energy than the a l l - a 2 " transition. 
A similar argument can be applied to the complexes 
studied in Chapter 3 where as the size of the bridging 
ligand increased the a l l - a2t1 transition decreased in 
energy and the e" ± a2 1' transition increased. 
When X = Br we observe analogous behaviour. The 
results are given in Table 4.2.9. Figure 4.2.15 shows the 
graph of Vmax versus 0. For L=PEtPh 2 , PMe 2 Ph and P(OMe)Ph 2 
themost intense near infra-red band (a1' - a2t transition) 
is at lower energy than when X = Cl - (or approximately the 
same) indicating weaker metal-metal interaction (or approxi-
mately the same) . Rather surprisingly, however when L = 
P(OMe) 2 Ph and P(OMe) 3 the most intense near infra-red band 
is observed at higher energy than when X = Cl - indicating 
stronger metal-metal interaction. This may be a consequence 
of the smaller size of these terminal ligands together with 
the larger size of the bridging ligand Br giving rise to 
more efficient packing. 
(ii) M=Osmium 
In contrast with the ruthenium compounds the position 
of the most intense near infra-red band in the diosmium 
species shows no correlation with either the electronic 
parameter, x, or the steric parameter, 0, of the phosphine 
ligand. This is shown in Figures 4.2.16 and 4.2.17 i.e. the 




Graph 4.2.15: Graph of vmax(cm') versus O( ° ) for 
[L 3 Ru (p_B r ) 3 RuL 3 ] 2 + at T = 267K in 
Acetone I 0.1M TBABF 4  
max 
(cm 1)x1O 3 
ll 
1 ,'-, 	 1( 




Figure 4.2.16: Graph of \)max(Cm') versus X(cm') 
for [L 3 0s (1 1 _C1) 3 OsL 3 ] 2 + where L = tertiary 
phosphine ligand at T = 266K in Methylene 
5 	 10 x(cmi) 




Figure 4.2.17: Graph of \)max(Cm') versus e(°) for 
[L 3 0s(u_C1) 3 OsL 3 ] 2+ , where L = tertiary 
(cm1)x103 	
phosphine ligand, at T = 266K in 
Methylene Chloride. / 0.5M TBABF + 
-171- 
the electronic or steric effect of the 
phosphine ligand. It was also observe 
intense band is always at lower energy 
size of the tertiary phosphiné ligand. 
Figure 4.2.18. The range in energy of 
small from 4700-5300 cm'. 
terminal tertiary 
that the most 
regardless of the 
This is shown in 
this band is very 
The triple bridged species all have a confacial 
bioctahedral structure but the angles and distances are 
dependent on the tertiary phosphine ligand present. As the 
ligand geometry departs from that of an ideal octahedron 
then the amount of overlap of the d-orbitals will decrease. 
Since the Sd orbitals of osmium are more diffuse than the 4d 
ruthenium orbitals the difference in geometry will be more 
obviously felt in the diruthenium species. 
The crystal structure of the osmium species where 
L=PEt 3 has been discussed in Chapter 2. The Os--Os distance, 
the average Os-61-Os and P-Os-P angles are shown below together 
with those of the related species where L=PMe 2 Ph. 
L OS-00R) OS-61-0s r) P-Os-P (°) 
PEt 3 3.473 	(1) 88.25 96.68 
PMe 2 Ph 3.440 	(1) 87.00 95.64 
Similar trends to those present in the ruthenium systems 
are apparent i.e. as the terminal ligand becomes bulkier the 
Os--Os distance, the Os-C]-Os and P-Cs-Pangles all increase. 
The P-Os-P angles show a greater effect than in the ruthenium 
complexes (see section 4.31. Thus in the solid state when 
M=Os, we do see geometric changes on altering the terminal 
ligand, L. 
t'J 
30 	20 	10 
Figure 4.2.18: Electronic Absorption Spectra of [L 3 0s ( p _C1) 3 OsL 3 ] 2 + where L = PMe 2 Ph and 
PEtPh2 in Methylene Chloride I 0.5M TBABFL+ 
( MCC mdm) 
v max  (Cm) 
x10 
T=267K 	 T=267K 
E= 1-25V E=126v 
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2. 	Visible and UV Bands 
The weak broad band (A8000 cm -1 ) between 15,000 - 
18,000 cm' which in some compounds is split into more than 
one band is assigned as a tertiary phosphine ir ± a2 1 ' 
transition. The band position shifts on changing the 
tertiary phosphine ligand but there is no relation between 
the position and the steric or electronic parameter of the 
ligand. 
The higher energy band centred around 25,000 cm' is 
thought to be due to a tertiary phosphine intraligand 
absorption similarly assigned in the [L 3 M(ii-X) 3 ML 3 ] species. 
As mentioned previously this does not shift appreciably upon 
oxidation as expected for intraligand absorption (see 
Chapter 1, section 1.1). 
(c) 	[L 3 M(i-X) 3ML3 3+ 
On oxidation to the +3 oxidation state all osmium 
complexes showed a shift of the two near infra-red bands 
to higher energy. The spectra are once again almost • 
invariant with terminal ligand, L. The values are shown 
in Table 4.2.11. In most cases the bands become more 
intense as the complex is oxidised from [L 3 0 s (p_Cl) 3 0sL 3 ] 2 + 
to [L 3 0s(M_Cl) 3 OsL 3 ] 3 +, see Figure 4.2.19. Both of these 
factors indicate an increase in metal-metal interaction 
upon oxidation. The positions of the bands exhibit no 
direct correlation with either the steric parameter, 8, or 
the electronic parameter, x of the tertiary phosphine 
ligand. The increased metal-metal interaction will probably. 
result in a smaller metal-metal distance which may have caused 
-174- 
Table 	4.2.11: Positions of Bands (Vmax) 	in the Electronic 
Absorption Spectrum of 	[L 3 0s(p-Cl) 3 OsL 3 ] 3 
in Methylene Chloride I 0.5M TBABFZ+ 	at 
T = 243K 
L Vmax 	(cm 
1) c (mol 	1 cm 	1 dm 3 ) 
PMePh 2 10,955 7,441 
15,075 2,113 
30,600 5,635 
PMe 2 Ph 11,483 7,220 
14,934 2 1 116 
32,051 5,421 
PEtPh 2 10,753 12,463 
14,863 2,654 
29,400 6,433 
PEt 2 Ph 11,343 3,478 
17,000 3,043 














Table 4.2.11: 	continued 
L 	 max (cm') 
	
E (mol 1 cm'dm 3 ) 








Table 4.2.12: 	Positions of Bands (umax)  in the 
Electronic Absorption Spectrum of 
(P(OMe) ) 3Ru(ij-Br) 3Ru(P(OMe) 3)31 3+ 
in CH2C12 I 0.5M TBABFLf at T = 267K 
L 	 umax (cm-' ) 	 E(mol'cm 1 dm 3 ) 
P(OMe) 
	





Figure 4.2.19: Electronic Absorption Spectrum showing 
Conversion of [(PMePh2)30s(p_Cl)30s(PMePh3)3]2+ 
[(PMePh2)30s(11-Cl)30s(PMePh2)3] 	in 
Methylene Chloride / 0.5M TBABFL + 
(rnoj'cr-rdrn)X1O 3 




the steric effect to become important but this does not 
seem to be the case. 
Oxidation of •[(P(OMe) 3 ) 3 Ru(1J_Br) 3 Ru(P(OMe) 3 ) 3 ] 2+ to 
[(P(OMe) ) 3Ru(ij-Br) 3 Ru(P(OMe) 3]3+  showed a similar effect 
to that in the osmium complexes, but only one broad band was 
pbsrved.This was however found to shift to a greater extent 
than in the osmium c.mplexes, shifting by 13,000 cm 1 forM=Ru, 
but only 6,000 cm -1 for M=Os. See Figure 4.2.20 and Table 4.2.12 
The related [(NH 3 ) 3Ru(ij-Cl) 3 Ru(NH 3 ) 3 ] 	species has been 
observed and shows analogous behaviour. The shift in Vmax 
i 	 is  n this case s 11,000 cm- 33(b)  
The fact that no other species of the type 
[L 3 Ru(U_X)3RuL3] 3 +, where L = tertiary phosphine ligand, was 
observed is significant. P(OMe)3 is the smallest tertiary 
phosphine ligand used in our studies and only 
[(P(OMe) ) 3 Ru(i-Br) 3Ru(P(OMe) 3) 31 3 is stable on a timescale 
long enough for study. All other ruthenium species decomposed 
in the +3 oxidation state even when L=P(OMe)3 and X=C1. 
However we note that [(NH 3 ) 3 Ru(p-Cl) 3 Ru (NH3) 3]3+,  which 
contains a smaller terminal ligand than P(OMe)3, is stable. 
This suggests that steric influences are important in 
determining the stability of the +3 oxidation state when 
M=Ru. In addition the increased size of the bridging 
ligand, Br rather than Cl - is a further factor in stabilis-
ing the [(P (OMe) 3 ) 3 Ru(i-Br) 3Ru(P(OMe) 3 ) 	3+ species. Thus 
oxidation to [L3Ru(-X) 3 RuL 3 ], which is accompanied by 
increased metal-metal interaction, will result in the metal 
centres becoming too close together to allow the bridging 
halides and terminal tertiary phosphine ligands sufficient 











Figure 4.2.20: Electronics Absorption Spectrum showing 
(a) Conversion of 
(P (OMe) 3 Ru (pBr) 3 Ru (P (OMe) 	2+ 
(P (OMe) 3Ru (p-Br) 3Ru (P (OMe) 
and Final Spectrum of 
(mo cm-'d(y 3 ) 	 [( P(OMe) ) 3Ru(p-Br) 3Ru(P(OMe) 3)3 j3+ 




space to retain the confacial bioctahedral environment and 
hence decomposition takes place. A further point to note 
is that in the crystal structures of [(PEt3)30s(p-Cl)30s-
(PEt3)3 +/2+  discussed in Chapter 2, the average M-P bond 
length increased on oxidation of the monocation to the 
dication. It is possible that in the ruthenium binuclear 
species an oxidation to [L3M(p_X)3ML3]3+ the M-P bond has 
to be very long for bulkier ligands in order to retain the 
confacial bioctahedral structure and thus leads to decomposi-
tion. 
It is unfortunate that the second oxidations of the 
bridging iodide species are all irreversible. 
(d) Conclusions 
Every symmetric triple bridged binuclear species studied of 
general formula [L3M(i_X)3ML3]2+/3+ is delocalised with 
strong metal-metal interactions. The extent of metal-metal 
interaction in ruthenium complexes is dependent on the 
bulk of the terminal tertiary phosphine ligand. In osmium 
complexes the metal-metal interaction is independent of the 
terminal tertiary phosphine ligand. 
4.3 	EXTENDED HUCKEL MOLECULAR ORBITAL CALCULATIONS 
These were carried out using the ICON 841  program. The 
atomic coordinates for the three known [L 3 Ru(_Cl) 3 RuL 3 ]+ 
crystal structures where L=PMe 3 , PMe 2 Ph, PEt2Ph were used to 
model ideal D3h systems for each of the above species 
(details are given in section 4.4). Each tertiary P(III) 
ligand had H atoms attached to it rather than the alkyl/aryl 
groups actually present as the main limitation of the ICON 8 
program is that it can only be used for compounds of up to 
fifty atoms of which only forty can be non-hydrogen. The 
replacement of PR 2 R' or PR 3 by PH3 is not considered to be a 
simplification in the first instance since we have already 
shown that the electronic properties of the terminal ligand 
do not significantly influence the metal-metal interaction. 
The geometric orientation of the ligands is important and we 
have taken this into account by imposing real experimental 
values on the system rather than model ones as was the case 
in the molecular orbital calculations described in Chapter 1. 
In each idealised system the average of the Ru-Cl-Ru and 
P-Ru-P angles and the Ru--Ru distance had the same values as 
those found crystallographically. The molecule was given a 
charge of +2 in the program. It is important to note that 
the coordinates used are for the [L3Ru(U_Cl) 3 RuL 3 ]+ so it 
is unlikely that accurate results can be obtained but trends 
should become apparent. 
The energies of the molecular orbitals were calculated 
and the orbitals were assigned using symmetry consideration 
for a complex with overall D3h symmetry. The results are 
shown in Table 4.3.1. 
Experimentally we observe two NIR bands. The intense 
band was assigned to the a l l - a 2 " transition and the 
weaker band to the e" - a 2 1' transition. For ligands with 
small 0 the intense band is at high energy and for large 0 
it is at low energy compared to the weaker band. Thus we 
hoped to observe a cross over in energy of the a l l and e" 
orbitals in the calculations for the three real examples 
Table 4.3.1: 	Energies of the Orbital Sets from 
E.H.M.O. Calculations for 
[L3Rü(p-Cl)3RuL3] 2 
E 	(eV) Av Ru-C1-Ru( ° ) 
L e" a1' e' a 2 1 ' 
PEt 2 Ph -13.63170 -13.35850 -13.30378 -13.31467 87.9 
PMe 2 Ph -13,63648 -13.41356 -13.32350 -13.27932 86.0 
PMe 3 -13.63493 -13.49574 -13.32887 -13.17470 82.8 




above with the a1' orbitals moving to higher energy as the 
size of L increases and vice versa for e". The calculations 
are in good agreement with this (see Figure 4.3.1). However 
they predict that the e" orbital should be lower in energy 
than all .for all systems studied. The e" - all difference 
does however decrease as L becomes smaller indicating the 
possibility of a cross over at a smaller Ru-Cl-Ru angle. 
Both the all - a2" and e" - a2 t' differences increase in the 
order PEt2 Ph<PMe2Ph<PMe3. 
In these systems the Ru--Ru distance is found to be 
directly proportional to the Ru-Cl-Ru angle (see Figure 4.3.2). 
We decided to extrapolate from this and hence model a system 
with a smaller Ru--Ru distance and Ru-Cl-Ru angle. Again it 
must be stressed that our model is based on the species 
[L3Ru(M-Cl)3RuL3] where each ruthenium centre has the 
oxidation state II and they are not interacting. For the 
[L 3 Ru(p-Cl) 3RuL3J 2+  species both the ruthenium centres have 
an oxidation state of 2.5 and there is a strong interaction 
present. The related complex [(PEt3)30S(P -Cl)30S(PEt3)31 +  
has been shown to have analogous behaviour. We have shown 
in Chapter 2 that the oxidation of [(PEt3) 3 0s(p-Cl)3Qs(PEt3)3] 
to [(PEt3)30s(ii-Cl)30s(PEt3)3] 2 leads to a decrease of 6pm 
in the metal-metal distance. The extrapolation is therefore 
valid. 
The related mixed-valence complexes 
Cl(pnBu)2Ru(_Cl)3Ru(pnBu 3 )Cl, 42 [(NH 3 ) 3 Ru (p_Cl) 3 Ru (NH 3 ) 3 ] 2 + 43 
and [(NH 3 ) 3 Ru(j-Br) 3Ru(NH3) 312+44 have been characterised 
crystallographically and the Ru--Ru distances and Ru-X-Ru 





Figure 4.3.1: Walsh Diagram showing the variation in the 
Energies (eV) of the Orbitals as the 




Figure 4.3.2: Graph of Ru-61-Ru angle(*) versus Ru--Ru 
Distance for Three Structurally Characterised 
Species of the type [LRu(u-C1)RuL1 	where 
30 	 Ru--Ru( A) 	3-4 
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2.852w, 68.5 0 , thus reinforcing the above argument. 
On extrapolation an Ru-Cl-Ru angle of 78° was obtained 
for an Ru--Ru distance of 3.09A .A model was constructed to 
obtain atomic coordinates for an ideal D3h system with these 
geometric parameters. The energies obtained are shown in 
Table 4.3.1. The a 	energy level is now lower in energy 
than the e" i.e. we have observed a cross over of the e" and 
a1' orbitals. A Walsh diagram was constructed for all four 
species to show this effect. This is shown in Figure 4.3.1. 
Drawings of the orbitals are shown in Figure 4.3.3. From 
the Walsh diagram the e" and a1' orbitals cross over when 
Ru-Cl-Ru = 79.5° and Ru--Ru = 3.14. 
Further points of interest from the Walsh diagram 
together with the drawings of the orbitals are: 
The a l l and a 2 " orbitals are metal-based and represent 
the bonding and antibonding interactions of the dz2 
orbitals respectively along the metal-metal axis. 
The all increases dramatically in energy i.e. becomes 
less stable as the Ru-Cl-Ru angle increases (or as 
the Ru--Ru distance increases). This effect is 
expected, as the overlap between the atomic orbitals 
is decreasing. The opposite effect occurs for the 
antibonding a 2 " orbital. 
The e' and e" bonding and antibonding orbitals consist 
mainly of contributions from the dx 2 _y 2 and dxy atomic 
orbitals on each ruthenium centre. The e' and e" 
orbitals vary only slightly in energy as the Ru-Cl-Ru 
angle alters. This is as expected because the extent 
of orbital overlap is smaller than with the .a set. 
:. 
Figure 4.3.3: Drawing of the Frontier Molecular Orbitals 






The molecular orbitals of a symmetry result due 
to a-overlap whereas the e set resuli 	S overlap. 
The e' pair is primarily metal-based with an antibonding 
ClPy contribution; the et pair however were shown by 
symmetry to be entirely metal-based. This accounts for the 
higher energy of the e' pair compared to the e" pair. The 
e" orbital becomes more stable as the metal-metal distance 
increases as expected for an antibonding molecular orbital. 
The e' set however decrease then increase again and become even 
higher in energy than the a ' orbital. This is thought to 
be a consequence of two interacting factors which result 
from increasing the metal-metal distance. 
The C1Py antibonding interaction decreases, 
hence the e' orbital is stabilised. 
The metal bonding interaction decreases so the 
e' orbital is destabilised. 
Finally in all systems studied the P-Ru-P angle does 
not vary by much. 
P 	 P-Ru-P 	 P-Ru-P (models) 
(form crystal structure) 
PEt 2 Ph 	 96.8 0 	 96.6 0 
PMe 2 Ph 	 95.3 0 	 95.9 0 
PMe 3 	 95.4 0 	 95.4 0 
Theoretical 	 - 	 94.20 
Model 
The calculations therefore suggested that the steric effect 
results from the terminal ligands at one metal centre inter-
acting with those of the other end. Space filling diagrams 45 
were constructed for the three known systems. These are 
shown in Figures 4.3.4 - 4.3.6. It is clear from the 
diagrams that this effect is indeed occurring and that for 
bulky ligands as the species are oxidised and the metal-
metal distance becomes smaller we would expect there to be. 
severe crowding of the terminal ligands between the metal 
centre or for the M-P bond lengths to increase to counteract 
this effect; thus accounting for the lack of success in 
generating the [L3Ru(ji-X) 3RuL3]3+ species. 
Conclusions 
The EHMO calculations give support to the trends 
obtained experimentally. The steric effect results from the 
interaction of the terminal ligands across the bridge rather 
than at the metal centre. 
4.4 	EXPERIMENTAL 
Electrochemical studies were carried out as described 
previously using the PAR model 170 potentiostat and programmer. 
Spectroelectrochemical studies were carried out using 
the O.T.T.L.E. cell as previously described. The Perkin-
Elmer Lambda 9 spectrophotometer was employed for these 
studies. Spectra were recorded over the range 3125-50000 cm -1 . 
The temperature was controlled as described previously. 
Elemental analyses were performed by the Chemistry Department, 
University of Edinburgh. 
F.A.B. mass spectra were recorded by the Chemistry 
Department, University of Edinburgh, using the Kratos-50TC 
Spectrometer, using 3-nitrobenzylalcohol ( 3)-NOBA) as the 
matrix. 
I ME 
Figure 4.3.4: Space Filling Diagram 45  of 
[ (PMe ) Ru ( p-Cl) 3 Ru (PMe 	] 
LFMe 




	Space Filling Diagram 45  of 
[(PMe2Ph) 3Ru(p-Cl) 3 Ru(PMe2Ph) 3] + 
z 	 LPMe2Ph 
Q= 122 
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Figure 4.3.6: 	Space Filling Diagram 45  of 
[(PEt2Ph) 3Ru(ii-Cl) 3 Ru(PEt2Ph) 3 




Methylene chloride was purified as described previously. 
All other solvents were used as supplied without further 
purification. 
RuC1 3 -3H 2 0 1 K 2 0sC15, Na20sC16 were obtained from 
Johnson Matthey. 
TBABFL was prepared as previously described. 
PPh 31 PEt3 1 PPr3, PMe 3 , P(OMe)Ph2 1. P(OMe)2Ph and 
P(OMe)3 were obtained from Aldrich. 
PEtPh 21 PEt 2 Ph, PMePh2, PMe2Ph were prepared 
according to the literature method 46. 
The compounds where M=Ru, X=C1, L=PMe2Ph, 
PMePh2, PEt2Ph,. PEtPh2; M=Os, X=Cl, L=PMePh2, 
PEtPh2, PEt 31 PPr 3 were prepared according to 
the method of Chatt. 29 
M=Ru, X=C1, L=PMe 3 , PEt 31 PPr 31 P(OMe)Ph2, 
P(OMe)2Ph; M=Ru, X=Br, L=PMe 2 Ph, PEtPh 2 
using the method of Stephenson. 26,36  
M=Ru, X=C1, L=P(OMe) 3 ; M=Ru, X=Br, 
L=P(OMe) Ph2, P (OMe) 2 Ph, P(OMe)3 by extension 
of the method of Ashworth. 35 
M=Os, X=C1, L=PMe 2 Ph, PEt 2 Ph by the method 
of Coombe and Stephenson. 33(b)  
M=Os, X=C1, L=P(OMe)Ph 2 by extension of the 
method of Stephenson. 26,36 
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1. 	Preparation of Tri-ji-Chlorohexakis(triméthyi phosphite) 
diruthenium (11,11) hexafluorophosphate. 
This complex is prepared via the triply hydroxy-
bridged species. 
Preparation of Tri-p-hydroxyhexakis (trimethyl 
phosphite) diruthenium (11,11) hexafluorophosphate. 
[RuH (COD) (NH2NMe2) 31 PF6 (0.35g) was added to a 
degassed i-w-._,of acetone (36.8ml) and methanol 
(18.4m1). To this PMe2Ph (0.212m1) was added. This 
was heated to reflux under N2. After 30 minutes 
degassed water (lOml) was added to the pale yellow 
solution. No change in colour of the solution occurred. 
After a short while a precipitate formed. The reaction 
was continued for a further two hours then the solution 
was cooled and filtered. The white compound resulting 
was washed with cold methanol then diethyl ether and 
dried in vacuo (0.310g, 83%). 
Elemental Analysis: Found 	C: 18.43%, H: 4.50%, N: 0% 
calculated for 	C18H3021P7F6Ru2 
C: 18.96%, H: 4.74%, N: 0% 
FAB Mass Spectrum: Found 	M+ = 996 (100%) 
calculated for [(P(OMe) ) 3Ru(p-(OH) 3)Ru(P(OMe)3)3] 
= 994 
Tri--hydroxyhexakis (trimethylphosphite)diruthenium 
(11,11) hexafluorophosphate (0.1g) was dissolved in 
acetone (5m1) . To this an excess of concentrated HC1 
was added. This was shaken for ten minutes then left for 
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2-3 days, after which colourless crystals formed. 
These were filtered and washed with cold methanol and 
diethylether. Due to the vast excess of Cl - present 
the white crystals were dissolved in methylene chloride 
and methanol/excess NH 4 PF 6 was added. Colourless 
crystals formed after slow evaporation of the methylene 
chloride. These were filtered and washed with cold 
methanol and diethylether and dried in vacuo (0.083g, 
79%). 
Elemental Analysis: Found C: 17.80%, H: 4.45%, N: 0% 
Calculated for C18H54018P7F6C1 3 Ru 2 
C: 18.01%, H+ 4.51%, N: 0% 
FAB Mass Spectrum: Found M = 1054 (100%) 
Calculated for [(P(OMe) 3 ) 3Ru(ij-Cl) 3Ru(P(OMe) 3) 3 ] 
M = 1049 
2. 	Preparation of Tri-p-bromohexakis (methyldiphenyl 
phosphonite) diruthenium (11,11) hexafluorophosphate 
As 1, but using the appropriate phosphine, 
P(OMe)Ph 2 and HBr (0.072g, 65%). 
Elemental Analysis: Found C: 48.91%, H: 4.05%, N: 0% 
Calculated for C78H7806P7F 6 Br 3 Ru 2 
C: 49.79%, H: 4.15%,.N: 0% 
FAB Mass Spectrum: Found M = 1886 (0.5%), 1741 (100%) 
Calculated for [P(OMe)Ph 2 ) 3Ru(p-Br) 3Ru- 
(P(OMe)Ph 2 ) ] PF 6 
= 1883 
and [(P(OMePh 2 ) 3Ru(p-Br) 3Ru-
(P(OMe)Ph2) 3 1 
= 1738 
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Preparation of Tri-M-bromohexakis (dimethyiphenyl 
phosphinite) diruthenium (11,11) hexafluorophosphate. 
As 1, but using the appropriate phosphine, 
P(OMe) 2 Ph and HBr (0.081g, 72%). 
Elemental Analysis: Found C: 35.25%, H: 4.00%, N: 0% 
Calculated for C 8 H 55 0 12 P 7 F 6 Br 3 Ru 2 
C: 35.84%,.H: 4.11%, N; 0% 
FAB Mass Spectrum: Found M = 1607 (0.1%), 1466 (100%) 
Calculated for [(P(OMe) 2Ph) 3Ru(i.-Br) 3Ru- 
(P (OMe) 2Ph) ] PF6 
= 1607 
and [(P(OMe)2Ph) 3 Ru(p-Br) 3 Ru-
(P(OMe)2Ph) 3]+ 
M = 1466 
Preparation of Tri--bromohexakis (trimethylphosphite) 
diruthenium (11,11) hexafluorophosphate. 
As 1 using the appropriate phosphine, P(OMe)3 
and HBr (0.082g, 70%). 
Elemental Analysis: Found C: 15.70%, H: 4.11%, N: 0% 
Calculated for C15H 3 018P7F 5 Br 2 Ru 2 
C: 16.27%, H: 4.07%, N: 0% 
FAB Mass Spectrum: Found M = 1335 (0.5%), 1188 (100%) 
Calculated for [(P(OMe) ) 3 Ru(p-Br) 3Ru- 
(P (OMe) ] PF6 
M = 1333 
and for {(P(OMe)3) 3 Ru(p-Br) 3 Ru(P(OMe) 3) 3 ] 
- 	 M = 1188 
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5. 	Preparation of Tri-j-Chlorohexakis (methyldiphenyl 
phosphonite) diosmium (11,11) hexafluorophosphate 
trans OsC12(P(OMe)Ph2)4 (0.3g), prepared as in Appendix 
2, was heated to reflux in degassed methanol (40m1) 
under N2 for 6 hours. During this time a number of 
colour changes took place. The initial pale green 
colour changed to orange then to deep orange/red after 
10 minutes. After a further 20 minutes the colour was 
golden brown. Finally the colour was green. After 6 
hours the solution was cooled. On reduction of the 
volume of solvent a green solid formed. This was 
filtered to yield •a yellow solution which on further 
evaporation of solvent gave a yellow/brown solid. This 
was dried in vacuo (0.151g, 65%). Elemental analysis 
suggested that this species was the expected binuclear 
complex so the Cl - counterion was exchanged for PF5 
as described previously (see 1) 
Elemental Analysis: Found C: 49.10%, H: 4.29%, N: 0% 
Calculated for 	C 78 H 78 P 6 O 6 C1Os 2 
C: 51.5%, H: 4.49%,.N: 0% . 
and Found C: 47.80%, H: 4.08%, N:0% 
Calculated for 	C78H78P7O6F 6 C1 3 Os2 
C: 48.47%, H: 4.04%, N: 0% 
FAB Mass Spectrum: 	Found M+ = 1786 
Calculated for 	[(P(OMe) Ph2) 30s (p-Cl) 3 0s- 
(P(OMe)Ph 2 ) 3 ] 
= 1782 
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6. 	Preparation of Tri-p-chlorohexakis(trimethylphosphine) 
diruthenium (11,11) hexafluorophosphate. 
A suspension of RuC1 2 (PPh3) 	(0.15g) was heated 
to reflux in degassed methanol (0.30ml) with PMe3 (0.1 
ml) under N2 for 3 hours. On warming RuCl2(PPh 3 ) 3 
dissolves gradually and reacts with PMe3. The colour 
of the solution becomes golden yellow. NH4PF6(excess) 
was added after 2.5 hours. After cooling the volume 
of methanol was reduced then diethylether was added. 
A pale yellow precipitate formed. This was filtered 
and washed with cold methanol, diethylether and hexane 
and dried in vacuo (0.055g, 77%). 
Elemental Analysis: Found C: 23.24%, H: 5.50%, N: 0% 
Calculated for C28H5P7F6Cl3Ru2 
C: 23.75%, H: 5.94%, N: 0% 
FAB Mass Spectrum: Found M+ = 764 (100%) 
Calculated for 	[(PMe3) 3 Ru(ji-Cl) 3Ru(PMe3)3] 
= 764 
Method Used for E.1{.M.O. Calculations 
The structures were first idealised as D3h systems. 
This was achieved used the FORTRAN programs CALC 47 and 
ROTATE 48  by the following method: 
(1) CALC was used on the X-ray determined model to. calculate 





Having obtained these parameters, the Ru-Cl-Ru, 
Cl-Ru-Ru, Cl-Ru-Cl and P-Ru-Cl angles can all be 
calculated. 
Rul, Ru2 and Cli were set up trigonometrically with 
both ruthenium centres lying on the z-axis and Cli on 
the x-axis. This leads to Rul and Ru2 having coordinates 
0, 0, +z and 0, 0, -z respectively and Cli; x, 0, 0. 
By using CALC, P1 was generated. From this the atoms 
Hil-H13 were obtained (torsion angle Ru2-Rui-Pi-His 
180 ° ). 
The program ROTATE was then used to generate C12, C13, 
P2H 3 and P3H 3 . 
The z coordinates are then inverted to generate the 
remainder of the molecule; P4H 31 P5H 3 and P6H3. 
The theoretical model was constructed as follows: 
By extrapolation of the graph of Ru--Ru distance versus 
the average Ru-61-Ru angle shown in Figure 4.3.2 
an Ru-61-Ru angle of 78° was obtained for an Ru--Ru 
distance of 3.09g. 
The Ru-Cl distance was calculated using trigonometry. 
The difference in Ru--Ru distance for L=PEt2Ph and 
L=PMe 3 is approximately the same as that between 
L=PMe 3 and the theoretical model. The Ru-P distances 
follow similar trends so using this assumption, Ru-P 
distances and Ru-Ru-P angles were calculated using CALC. 
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Once the above parameters are obtained the method 
described for the X-ray determined models can be followed. 
After setting up the models, charge iteration was 
carried out on the model obtained from the species where 
L=PMe 2 Ph. This uses the H1s for ruthenium and refines 
them to give the best values appropriate for systems of 
this type i.e. those of lowest energy. These were then 
used for the other compounds. The initial and corrected 
are given below for ruthenium in eV 
5 	 p 	 d 
Initial 	-10.4 	-6.87 	-14.9 
Corrected 	-9.9760 	-4.9571 	-13.3355 
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CHAPTER 
SPECTROELECTROCHEMICAL STUDIES OF AN 
ASYMMETRIC BINUCLEAR RUTHENIUM COMPLEX 
-203- 
5.1 	INTRODUCTION 
This thesis has so far concentrated on symmetric, 
cationic, binuclear species of the type [L3M(U_X)3ML3] r1+ 
where L = tertiary phosphine ligand; x = bridging ligand 
e.g. Cl ; M = Ru, Os and n = 1,2,3. 
A wide range of asymmetric triply chioro-bridged 
complexes are also known, mainly for M=Ru, although there 
are some examples for M=Os. 
A. 	M(II)M(II) 
The neutral species (PEt2Ph)3Ru(.i-C1)3RuC1(PEt2Ph)2 was 
first prepared by Alcock et al., 1 by the pyrolysis of the 
symmetric binuclear complex [(PEt2Ph) 3Ru(11-Cl)3Ru(PEt2Ph) 31 Cl 
in methylacetate or n-propylpropionate. An X-ray crystallo-
graphic study has been carried out on this complex by 
.Rä¼spin2 confirming the confacial bioctahedral, trip1 
chioro-bridged structure. The Ru--Ru distance was found to 
be 3.367 compared to 3.44w in the related ionic binuclear 
complex from which it is formed. Since the preparation of 
this complex species of the type where L=PMePh2 and PEtPh 2 3 
have also been prepared by this method. Other methods of 
preparation have since been developed, mainly by Stephenson 
et al. For L=PEt 2 Ph and PC1Ph 21 4 the reaction of L with 
RuCl2 (PPh3) in a non-polar solvent such as hexane gives the 
required species. When L=PEtPh 2 , 4 the monomeric species, 
RuC12(PEtPh3)3 is isolated first. By dissolving this in 
cold degassed methylene chloride and adding petroleum ether 
(B.P. 60-80° C) the neutral binuclear (PEtPh2) 3 Ru(p-Cl) 3RuC1-
(PEtPh2)3 complex is obtained. The chemical reduction of 
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of mer-RuC13L3 5 where L=PMe 2 Ph, PEt3 affords the appropriate 
L 3 Ru(p-Cl)3RuL2C1 complex, thus extending the series of 
complexes of this type to the more basic phosphines. A 
further method involves the use of UV light (A = 254nm) on 
cis RuC12L1 (L=PMe2Ph) in benzene. 6 
A related complex where L=Me 2 SO is known. 7 Tayim et al.. 8 
reported that the only product obtained from heating 
RuCl2(Me2SO)4 in toluene was the binuclear species 
Ru2Cl(Me2SO)5. They proposed that the complex had two 
bridging chloride ligands and one bridging Me2SO group. 
Further studies in our laboratory  however revealed this to 
have the familiar triple-chloro bridged structure with all 
the Me2SO groups bonded through the sulphur. atom. 
The reaction of (PEt2Ph)3Ru(ii-Cl)3RuC1(PEt2Ph)2 with a 
l:l molar ratio of acetonitrile and sodium tetraphenylborate 
in methylene chloride leads to the replacement of the terminal 
Cl ligand giving [(PEt2Ph)3Ru(p-Cl)3Ru(PEt2Ph) 2 (MeCN)] BPh. 7 
A number of complexes of the type L2YRu(pCl) 3 RuL 2 C1 
have been prepared where (a) Y=CO, CS; L=PPh 3 , P(2- tol)3 9 ' 10 ' 1' 
and (b) Y=N2 1 12 N2B10H8SMe2 13 ; L=PPh 3 . Complexes of type (a) 
are prepared by the direct reaction of the appropriate 
monomeric species RuC12L 3 and RuC1 2 YL 2 (DMF) in re fluxing 
acetone or ethanol where L and Y are as before. This method 
can be extended to prepare mixed ligand or mixed metal 
complexes 14 i.e. (PPh3)2ClRu(-Cl) 3RuY(P(-tol) 3)2; YCO, CS 
and (PPh3)2C1Ru(ij-Cl) 30s(CO) (PPh3) 2. 	(PPh3) 2C1Ru(ji-Cl)3Ru- 
(CS) (PPh3)2 has also been prepared in low yield by the direct 
reaction of RuC12(PPh3)3 and CS2. 15 The structure of this 
complex has been carried out thus confirming that the species 
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is triply-chioro bridged. 16 The Ru--Ru distance in this 
case was found to be 3.35A , slightly shorter than that 
observed for the related (PEt2Ph) 3Ru(UC 1 )3RuC 1 (PEt2Ph) 2 
complex. 
To obtain the species where Y=N2, L=PPh3 (type b) 
reverse osmosis of RuC12(PPh3)3 and N2 in THF is carried out. 
Reaction of this with N2B10H8SMe2 gives (PPh3)2C1Ru(p-Cl)3RU 
(N 2 B 10 H8SMe2) (PPh3)2. 
Complexes of the type RuC1 2 YL2(MeOH); L= PEtPh2, PPh3 1  
P(2-tol)3; Y=CO, CS have been found to undergo a self-
condensation reaction in non-polar media giving a mixture 
11 
of three geometric isomers, L 2 YRu(-C1)3RuYClL. 10 ' 	The 
isomeric forms are:- 
CI 
\ /CI 	L N  
L Ru-Cj -Ru---L 
I  
CI\/CI\ /L 
CI 	Ru 	L 
L/ 	 \. 
II 
/CINRYL 
Ct, N0 V N 
III 
This class of complexes can also be prepared by the 
reaction of RuX2(CO) (PPh3)3, X = C11 17 H' 8 with gaseous HC1 
in benzene or by the reaction of PhCH2PPh3[RuC13(CO)norb] 
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in methylene chloridewith an excess of PPh3. 10  
A related hydrido species to that mentioned above, 
RuH2(PF3)(PPh3)3 1  has been found to react with HC1 to give 
an isomeric mixture of C1(PPh3) (PF3)Ru(-C1) 3Ru(PPh3) 2  (PF3) 18 
This compound can be prepared by a number of other methods. 
These are detailed in scheme 5.1.1. The analogous PF2NMe2 
complex can be prepared using methods 3, 4 and 5 in this 
scheme. These species can be compared directly with 
Cl(PPh3)YRu(ii-Cl) 3 (PPh3) 2Y, Y=CO, CS, discussed previously. 
Other related complexes where L=PF 3 can be prepared; 
for example mono-'PF complex, 18  (PPh3) 2  (PF3)Ru(p-Cl)3RuC1(PPh 3 ) 2 
is obtained from the reaction of RuC12(PPh 3 ) 3 with PF 3 in a 
2:1 molar ratio. The mixed complex 18  (PF3)(PPh3)C1Ru(p-Cl)3Ru-
(PPh3)2(C0) is prepared by the 1:1 reaction of 
(CO)(PPh3)2Ru(ij-Cl)3Ru(PPh3)2C1 and PF 3 . 
(PPh3)2(CO)Ru(p-Cl)3Ru(SnCl3)(PPh3)(CQ) 19 	and 
(SnC13) (CO) 2Ru(ji-Cl) 3Ru(CO) 3 20 are reported to be formed by 
a rearrangement reaction of the monomeric species 
RuC1(SnCl 3 ) (CO) (PPh3)2 (acetone) acetone and RuC1(SnCl 3 ) (CO) 
respectively. 
(SnC13) (CO)2Ru(i-Cl) 3Ru(CO) 3 20 has been characterised 
crystallographically confirming the triple chloro-bridged 
structure. The Ru--Ru distance in this species is 3.157g. 
B. 	M(II)M(III) 
A characteristic reaction of complexes of the type 
L2ClRu(i-Cl) 3 RuL 3 where L=PEt 2 Ph, PMe 2 Ph, PEtPh2, PMePh 2 
and L2YRu(T.1- Cl)3RuC1L2 where L=PPh3, P(-tolyl) 3 ; Y=CO, CS; 
is aerial oxidation in the presence of concentrated hydrochloric 
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Scheme 5.1.1: Methods of Preparing 
[CL-(PPh 3 )LRu(p-C1) 3RuL(PPh3) 21 where 
L = PF3, PF 2 NMe2 
[Ru C1 2(OCMe2)(FFh 3)] 
	
RuCl2 L(pph 3)2(DMF) 
/4) L = PF3) PF (2) 
(3) 
RuCl2(FPh3)3 
L= PF3  10 
FF2NMe2 
1:1 
Cl(PPh 3 )L Ru(CI)3RuL(FPh3 )2 
HCI(g) 
/L =PF3 
R uH 2L(PPh3)3 (5) 
L = PF3  ,PF2NMe2(excess) 
cis RuCl2L2(PPh3)2 
acid to give mixed-valence complexes of the type 
L 3 Ru(1i-Cl)3RUCl2L 5 and L2YRU(Cl)3RUCl2L respetively. 14 
Related mixd-valence asymmetric complexes of the 
above form are known where M=Ru, L=As(p-tolyl)3, As(2-C1Ph)3 
and M=Os, L=PPh3, As(-tolyl)3, AsPh 3 . 5 	These are made by 
the direct reaction of RuC133H20 and Na20sC16 respectively 
with the ligand, L, in an appropriate solvent. 
The complex (PEt 2 Ph) 3 Ru(i-Cl) 3 RuCl2(PEt2Ph) has been 
characterised crystallographically by Gould et al. 21 	The 
Ru--Ru distance was found to be 3.28i This is shorter than 
in the related (PEt 2 Ph) 3 Ru(p-Cl)3RuC1(PEt2Ph)2 complex. As 
the degree of asymmetry increases the metal-metal distance 
decreases. In the mixed-valence complex the oxidation state 
of one of the metal centres has been increased; this may be 
an additional factor causing the decrease of metal-metal 
distance. 
C. 	M(III)M(III) 
Cotton et al. 22 have recently isolated and characterised 
the complex C12 (PrBu3)Ru(i_Cl) 3 Ru(PBu 3 ) 2C1. 	This was 
obtained by the reaction of RuC1 3 3H 2 0 and PBu 3 in ethanol. 
An X-ray crystal structure showed the complex to have a Ru--Ru 
o 
distance of 3.l76;22  c.f. those observed for the related 
Ru(II)Ru(II) and Ru(II)Ru(III) species discussed previously. 
The fact that a contraction in the metal-metal distance has 
been observed even though the charge on the metal centres has 
increased suggests that a single metal-metal band has been 
formed. 
There is a wide range of triple chloro-bridged 
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asymmetric binuclear complexes available where M=Ru. The 
nature of the metal-metal interaction in the mixed-valence 
state in these species has not been studied to any extent. 
In the symmetric species studied in this work the 
mixed-valence state has been extensively studied and it has 
been found that the metal-metal interaction can be altered 
by varying M, X and L but it is always a strong interaction 
i.e. the complexes are Class III according to the Robin and 
Day classification. 23 
By electrochemical synthesis several sequences of triple 
chloro-bridged diruthenium complexes of the general type 
[L 3xClxRu(Cl) 3 RuC1yL 3 _ y 1 1 ' 2 where x=O, 1, 2; 
y=O, 1, 2; z=-1, 0, +1 and L = soft neutral ligand, have 
been generated. 24 Preliminary studies on the behaviour of 
the metal centres in the mixed-valence state of these 
complexes using spectroelectrochemical techniques have 
suggested that as the asymmetry increases the degree of 
metal-metal interaction decreases; going from completely 
delocalised (Class III) with the symmetric complex to 
localised (Class II) with the most asymmetric species. 24 
Replacing tertiary P(III) ligands 	k rr-acid ligands 
such as CO and CS reduces the metal-metal interaction further. 
We have investigated the complex (PPh3) 2 (CS) (Ru(II) (u -Cl) - 
Ru(II) (PPh3)2C1. This species undergoes a reversible one-
electron oxidation at +0.74V (versus Ag/AgI at which 
ferrocene is oxidised at +0.60V in 0.5M LiClO/THF) to give 
[(PPh3)2(CS)Ru(II)41-Cl) 3 Ru(III)Cl(PPh 3 ) 2 ]. We believe that 
it is the ruthenium centre containing Cl rather than CS 
that is oxidised first due to the 7-donating character of Cl 
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which will tend to make the Ru(II) centre more susceptible 
to oxidation than if only tertiary phosphine ligands are 
present. In contrast to this, the 'rr-accepting nature of the 
CS ligand will make the Ru(II) centre less likely to be 
oxidised than when surrounded by only tertiary phosphine 
ligands. 
Spectroelectrochemical studies 24  on [ (PPh 3 ) 2 (CS)Ru(p-C1) 3 -
RuCl(PPh 3 )2] showed the oxidised species to have a weak band 
at 14,800 cm-1 in THF (6=100 mol 1 cm 1 dm 3 ) which was absent 
in the parent complex spectrum. This was assigned as an 
intervalence charge transfer band i.e. the complex is a true 
Class II species with weakly interacting metal centres. In 
this work an in-depth study of this complex has been carried 
out. 
5.2 	RESULTS AND DISCUSSION 
Cl(PPh3) 2Ru(p-Cl) 3 Ru(PPh 3 ) 2C5 was prepared as described 
in Section 5.1. 
5.2.1 	Electrochemical studies 
Electrochemical studies were carried out as previously 
described in methylene chloride/0.5M TBABF. The results 
are as previously obtained; Ej = +0.74V versus Ag/AgC1 
where ferrocene/ferrocinium = +0.56V at T=293K. 
5.2.2 	Spectroelectrochemical Studies 
- 	These were carried out as described previously. 	The 
oxidation of Cl(PPh3) 2Ru(p-Cl) 3 Ru(PPh 3 ) 2 (CS) to fCl(PPh3) 2 
Ru(III) (p-Cl) 3Ru(II) (PPh3)2(CS)] was monitored over a period 
7 
-211- 
of time t a temperature of T=258K. 
Spectra were recorded over the range 4,000-44,000 cm' 
in the following solvents 
Methylene Chloride I 0.5M TBABFL 
Chloroform I 0.5M TBABFL+ 
Propylene carbonate / 0.1M TBABFL+ 
Dimethylformamide I 0.1M TBABFI+ 
It would have been advantageous to study the complex in 
more solvent systems, however the solubility of the compound 
prevented this. Table 5.2.1 gives the results obtained for 
each solvent. 
Figure 5.2.1 shows the spectrum of [Cl(PPh3)2Ru('ij-Cl)3-
Ru(PPh 3 )2(CS)} in methylene chloride/0.5M TBABF 4 . 
Three weak low energy bands are observed (c ranging 
from 710 mol 1 cm'dm 3 to 470 mol 1 cm 1 dm 3 . We can compare 
these bands with the low energy bands in the spectrum of 
[(PMe2Ph)3Ru(p-Cl) 3 Ru(PMe 2 Ph) 3 ] 2 where c=2864 mol 1 cm 1 dm 3 
for the band observed at 7700 cm'.) 
In a less polar solvent (CHC13) the bands will move to 
a lower energy and vice versa for a more polar solvent. 
Hush 25  theory for Class II mixed-valence species was 
introduced in Chapter 1. Application of Hush's theory to 
the observed spectrum of [Cl(PPh3) 2Ru(1j_C13)Ru(PPh3)z(CS)]+ 
enables us to test further the nature of the band at .14,500 
cm' in methylene chloride which had previously been observed 
at 14,800 cm' and is assigned as an intervalence charge 
transfer band. 
For symmetric complexes the following equations result 
from Hush theory: 
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Table 5.2.1: Positions of Bands (vmax) in the Low Energy 
Region of the Eelctronic Absorption Spectrum 
for [Cl(PPh 3 ) 2 Ru(p-C1) 3Ru(CS) (PPh 3 ) 2] a in 



















































a. 	The electrogenerating potential used in each 
case Egen = +0.94V (versus Ag/AgC1 on which 
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Figure 5.2.1: Spectrum showing (a) conversion of 
[(CS)(PPh3)2Ru(ii-C1)3RuC1(PPh3)2] ± 
[(CS) (PPh3) 2 Ru(p-C1) 3RuC1(PPh3) 21 + 
and (b) the Final Spectrum of 
[(CS) (PPh3) 2Ru(p-Cl) 3RuC1(PPh3) 21 + 
in Methylene Chloride-/ 0.5M TBABFI+ 




Vmax = A = 4LGth* 	 (1) 
where umax  is the position of the band maximum in cm'. 
AGth * is the free energy barrier for thermal electron 
transfer. 
	
L(ca1c) = [2310 max1 	 (2) 
(caic) is the calculated band halfwidth in cm -1 . 
L (caic) is equal to the experimental band halfwidth, 
A (exp) (within 10% error) for an intervalence charge 
transfer band (A 5000 cm'). 
Cc 2 = 4.24xl0 	[(EA )/\)maxd 2 ] 	 ( 3) 
where c. is the degree of delocalisation and 0< a< 0.25 
for a Class II system. 
E is the molar extinction coefficient, mol 1 cm'dm 3 . 
d is the distance between the metal centres, R. 
Eop = ')max = Ein + Eout 	 () 
where Ein  and Eout are the inner sphere and outer sphere 
reorganisation energies respectively. 
2' 	1 Eout = e I + 2a 	 (5) 
where a 112 are the radii of the two coordination spheres. 
d 	is the metal--metal distance in A. 
Dop is the optical dielectric constant, and 
Ds is the static dielectric constant. 
Thus a plot of 'max  versus 1 ID0 - 1 ID 5 will give a 




By applying the above equations to the complex under 
study here we can obtain more information regarding the 
nature of the band observed at 14,500 cm -1 . 
Band halfwidth 
A(ca1c) = [2310 max] 	1 	 (2) 
The observed A(exp) value is 5200 cm -1 . The calculated 
value of Aj given by equation (2) is A (calc) = 5780 cm' 
and is therefore within the allowed percentage error so 
A(exp) = A(calc) 
Degree of Delocalisation (a) 
a 2 = 4.24x10[ (EA)/\)maxd 2] 
using 	d = 3.35k 
a = 0.07 
The metal--metal distance, d, in Cl(PPh 3 ) 2 Ru(ji-Cl) 3 - 
Ru(PPh3)2(CS) is 3.35g. It would be expected that on 
oxidation this would decrease thus the value of a obtained 
is likely to be slightly greater. 
Solvent Dependence 
A graph of vmax  versus 1/D0 - 1 /D s  was plotted. This 
is shown in Figure 5.2.2. A straight line correlation is 
obtained. Dop  and D 5 values for the various solvents used 
are given in Table 5.2.1 together with the vmax  values. 
It can be concluded therefore that the 14,500 cm-1  
band in [(PPh 3 ) 2ClRu(p-Cl) 3Ru(PPh3) (CS)] + is indeed due to 
an intervalence charge transfer transition i.e. 
[(PPh3)2(CS)Ru(II)(ji-C1)3Ru(III)(PPh3)2Cl] 	max 
[(Pph3)2(C5)Ru(III)(.1_C1)3Ru(II)Cl(pph3)2]+* 
03 	 0.4 	 0.5 





Figure 5.2.2: Graph of umax (cm') versus 1 /D0 - 
for [(PPh 3 )2(CS)Ru(p-C1) 3RuC1(PPh 3 ) 2] at 
T = 258K in various solvents 
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As mentioned previously a further two weak bands are 
observed at higher energy than the band at 14,500 cm -1 
studied above. These bands are also thought to arise from 
intervalence charge transfer transitions and are a consequence 
of the asymmetry of the complex. Both ruthenium centres 
have an octahedral environment. One metal centre has the 
n-accepting ligand CS attached to it whereas the other has 
the n-donating Cl ligand present. This leads to the 
levels of each ruthenium being non-degenerate. Thus the 
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giving rise to three intérvalence charge transfer bands 
rather than one. 
Hush 25  has developed his theory further so that a number 
of parameters regarding the electron transfer from one 
ruthenium centre to another can be calculated in asymmetric 
mixed-valence complexes. For asymmetric systems there is an 
energy difference, AE O , between the HOMO's on the two metal 
sites. The potential energy diagram for an asymmetric 
species is shown in Figure 5.2.3. 
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Figure 5.2.3: Potential Energy versus Nuclear 




Hush Treatment for Asymmetric Species 
For an asymmetric complex 
EOP = V max = A + AEO = 2(AEth) 	 (6a) 
=) Eth = (A + t,E0 ) 2 I4A 
	
(6b) 
 AEO Vmax -	= Em + Eot 
	 (7) 
A plot of Vmax  - AE0 versus 	- 1 /D 5 should give 
a straight line of gradient Eout and intercept Ei n  for a 
Class II transition. 
The value AE0 can be calculated from equation 8: 
'umax - ((exp 2 / 2 3 1 0 = AE0 	(cm-1 ) 	 ( 8) 
i.e. it can be estimated from the intervalence charge 
transfer band. However, in practice this often leads to an 
underestimation of AE 0 . 
A more frequently used method of obtaining AE 0 is 
given in equation (9): 
tE0 = 8.067 (E2 0'- E1 0' ) 	( kK) 	(9) 
where E1 0 ' is the electrode potential for the process: 
-e 
M(II)M '(II) 	) [M(II)M' (III)] + 
and E2 0 ' is the electrode potential for the process: 
-e 
M(II)M'(II) 	[M(III)M'(II)] 
AGth the free energy barrier for thermal electron transfer 
is obtained from the relationship 
	
= ((4AG + G0)2/l6AG) - HAB 	(10) 
where 	= (Em + Eout)/4 and AGO is given by AE°. 
HAB is the degree of electronic coupling between the metal 
-220- 
centres and is given by equation (11): 
HAB =(2.05xl0_2 ( umax 
	
vmax)/ r (cm') 	(11) 
where E is the extinction coefficient at the band maximum 
and r is the distance between the two metal centres. 
Combining equations 1, 6b and 10 gives 
* 
AGth = Eth - HAB 
The rate constant for the thermal electron transfer, kth, 
can be calculated using equation (13). 
kth = (27rHAB 2 /h) (1T/kBTX) exp( - tGih/RT) 	(13) 
= "ET exp (- tGt/RT) 
where VET  is the frequency factor for electron transfer 
kE is the Boltzmann constant and 
T is the temperature in K. 
Thus the intervalence charge transfer band profile 
allows us to calculate AE°, AGh and HAB and finally to 
arrive at a value for the rate of an intramolecular electron 
transfer reaction. The above treatment will now be applied 
to the system under study namely [(CS) (PPh3) 2Ru(i-C1) 3Ru-. 
(PPh3) 2 Cl]. 
(a) Calculation of tE° (in Methylene Chloride) 
Using equation (8) AE° was calculated where E1 0 ' is 
the electrode potential for the process: 
Cl(PPh3)2Ru(II)(ii-Cl)3Ru(II)(PPh3)2(CS) --?' [Cl(PPh3)2Ru(III)-
(1-Cl) 3Ru(II) (PPh3) 2'(CS) ] 
Electrochemically this is measured at +0.74V (versus Ag/AgC1 
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reference electrode on which ferrocene is oxidised at 
+0.56V in methylene chloride/0.5M TBABFk). 	E2 0 ' is the 
electrode potential for the hypothetical process: 
Cl(PPh3)2Ru(II)(-Cl)3RU(II)(PPh3)2(CS) 	-> [Cl(PPh 3 ) 2 RU(II)- 
(a -Cl) 3Ru(III) (PPh 3 ) 2(CS) ]+ 
The value of E2 0 ' is often taken from the second oxidation 
potential which in this case would be: 
[Cl(PPh 3 ) 2 Ru(III)(11-Cl)3Ru(II)(PPh3)2(CS) + -s---> 
Cl(PPh3)2Ru(III)(11-Cl)3RU(III)(PPh3)2(CS)1 2 
however this is not a good approximation as the Ru(II)/Ru(III) 
couple is attached to a Ru(III) centre and not a Ru(II) centre 
as required. The related complex [(CS)(PPh3)2RU(II)(1.1-Cl)3 
Ru(II) (CS) (PPh3) 21 + 
7 undergoes a one electron oxidation at 
+1.50V (versus Ag/AgC1 reference electrode on which ferrocene 
is oxidised at + 0.56V) to give the species 
[(CS) (PPh3) 2Ru(II) (u -Cl) 3 Ru(III) (CS) (PPh3) 2 1 2 + 	This 
oxidation process gives a Ru(III) centre with the same 
coordination environment as that of the hypothetical process. 
E 2 0 ' was therefore taken to be 1.50V. 
A similar method has been used by Meyer 26 for the species 
[(NH 3 ) 5 Ru(III)(pyr)Ru(III)Cl(bipy)2} 5 . This undergoes a one 
electron reduction to give [(NH3) 5Ru(III) (pyr)Ru(II)Cl(bipy) 2] 
and a further reduction to give [(NH 3 ) 5 Ru(II)(pyr)Ru(II)-
C1(bipy)2] 3 t E1 0 ' is taken to be the reduction potential 
for the first reduction process. E2 0 ' is however estimated 
to have the value of the reduction potential for the process: 
[(bipy)2C1Ru(III) (pyr)Ru(III)(bipy)2Cl] 	e> 
[(bipy)2ClRu(II)(pyr)Ru(III)(bipY)2Cl]3 
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Again this was chosen rather than the second reduction 
potential of the complex under study as this measures the 
reduction potential of a Ru(III) site adjacent to a Ru(II) 
site. 
The lack of solubility of [(CS) (PPh 3 ) 2 Ru(p-Cl) 3 Ru(CS)-
(PPh 3 ) 2 ]+ in most solvents results in E 2 0' being measured 
only in methylene chloride which was then used to calculate 
AE° from equation 9. This value of AE° has been used for 
all solvents as it was deemed to be the most accurate method 
of determination. 
AE° = 6131 cm -1 
The values of Ein  and Eout will not be strictly correct 
since AE° is calculated only for methylene chloride and will 
vary slightly with solvent. 
From LE0 , other parameters can now be calculated. These 
are tabulated in Table 5.2.2. 	A graph of "max - AE 0 versus 
- 1 IDs is shown in Figure 5.2.4. 	From this Ei n  and 
Eout are obtained. These are shown in Table 5.2.3. 
Calculations of this type have been carried out on a series 
of ruthenium binuclear mixed-valence complexes with a single 
conjugated bridging ligand of the type L = pyrazine, 
4,4 bipyridine and 1,2 bis (4 - pyridyl)ethene. 27 In order 
to make comparisons with our triple chioro-bridged binuclear 
species these values have been included in Table 5.2.2. 
In the triple chioro-bridged species under study both 
"max and  AGth,  the free energy barrier to the thermal process, 
are greater than in the single bridged complexes. This is 
thought to be a consequence of the greater asymmetry of the 
Table 5.2.2: Electron Transfer Parameters Calculated from Intervalence Charge Transfer Bands 
Complex 	 v max  (cm') A(cm1)  HAB(cm') Vet (S -'  Ch(V) k(s') 
 [Cl(PPh3)zRu(iJ-Cl)3Ru(CS)(PPh3)2] 	
a 	
14,500 8,369 1,135 2.08x10' 5 0.64 2.9x10 
 [L2ClRu(pyz)RuClL2] 	
b,c 	
7,340 7,340 129 2.5 x10' 0.23 3.9x10 1° 
 [(NH3)5Ru(pyz)RuClL2] 	
b,c 	
10,406 8,417 573 5.2 x1O 1 0.41 5.7x10 7 
 [L2ClRu(bpe)RuClL2] 	
b,c 	
10,809 10,809 129-185 (2.3-4.8)x10 7 0.34 5.1-10x10 7 
 [L2C1Ru(4,4'bipy)RuClL2] 	
b,c 	
10,163 10,163 137-214 (2.7-5.9)x10 3 0.32 (1.0-2.8)x10 8 
In methylene chloride 
In acetonitrile 
C. 	L = 2,2'-bipyridine, 	pyz = pyrazine, bpe = 1,2 bis(bipyridyl)ethene 
4,4'bipy = 4,4'-bipyridine 
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[(NH 3 ) 5Ru(4,4bipy)Ru(NH3) 	
a 29 	0.43 	0.67 
[(bipy) 2 C1Ru(pyz)RuC1(bipy) 211 
+ a 28 	0.73 	0.26 
[(NH3)5Ru(4,4 bPY)RUC1(bPY)2]+ a 3 	0.56 	0.43 
[(NH3)5Ru(pyz)RuCl(bipy)2 + a 28] 	 0.56 	0.43 
[Cl(PPh2) Ru(p-Cl) 3Ru(CS) (PPh3) 2] + b 
	0.30 	2.0 
In acetonitrile 
In methylene chloride 
01 	 0.3 	 04 
10 
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Figure 5.2.4: Graph of Vmax (cm') - AE * (cm- ') versus 
- 1 /D 5 for 
[(PPh 3 ) 2 (CS)Ru(ji-C1)3RuC1(PPh3)2} 	at 
T = 258K, in various solvents 
i/Dop1/Ds 
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two metal centres in the triply bridged species than in 
the singly bridged compounds. The singly bridged species 
are known to undergo electron transfer via an inner sphere 
mechanism via the bridge. In the triply-chioro bridged 
complex, the thermal electron transfer rate constant is 
smaller than those calculated for the singly bridged species. 
The electron transfer is thought to occur by an inner sphere 
mechanism, but through direct d-orbital overlap rather than 
via the bridge in the singly bridged species. 
The Ein  value calculated for the triple chloro-bridged 
complex is comparable with those calculated for the N-donor 
bridged complexes, 0.3eV compared with range of 0.43-0.73eV. 
Table 5.2.3 shows the Ein  and Eout values for four complexes 
where the bridging ligand is pyraz.ine 28or 4,4' bipyridine29 ' 30 
together with the values for the complex under study. Eout 
however is much greater than in these complexes, 2.0eV 
compared with 0.26-0.67eV. We believe that this may be the 
result of a greater amount of solvent reorganisation being 
required. 
5.3 	CONCLUSIONS 
The mixed-valence compound [Cl(PPh3) 2Ru(it-Cl) 3Ru(PPh3) 2 
(CS) ]+ is a Class II complex with weak interaction between 
the metal centres whether it be light or thermally induced. 
Electron transfer occurs via an inner sphere mechanism. 
The magnitude of the electron transfer rate makes it amenable 
to study by variable temperature e.p.r. methods and thereby 
allow us to probe the electron transfer reaction by two 
independent techniques. 
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It would have been interesting to study a wider range 
of complexes of this type to enable the above type of 
calculations to be carried out and compared. The related 
complex where CS is replaced by CO proved to be too unstable 
in solution to enable spectroelectrochemical studies. 
The mixed-valence complex C12 (PPh3)Ru(III) (p-Cl) 3Ru(II)-
(PPh3) 2 (cs) was prepared, as determined by an electrochemical 
study, but we were unable to obtain pure samples. The start-
ing complex Cl(PPh 3 ) 2Ru(II) (p-Cl) 3Ru(II) (PPh3) 2CS was always 
present in the mixture. The mixed-valence species 
Cl 2  (PPh3)Ru(p-Cl) 3Ru(PPh3) 2 (CS) was previously reported to 
have a reversible one-electron reduction at -0.02V (versus 
an Ag/AgI reference electrode) at which ferrocene is 
oxidised at +0.56V). 7  We also observed this redox process 
together with two previously unreported oxidations at 
(a) +1.58V and (b) +1.78V (versus an Ag/AgC1 reference 
electrode at which ferrocene is oxidised at +0.56V). We 
believe that these oxidation processes may be formulated as 
follows: 
C1 2  (PPh3)Ru(III) (p-Cl) 3Ru(II) (PPh3) 2 (CS) 	e > 
[Cl 2  (PPh3)Ru(III) (p-Cl) 3Ru(III) (PPh3) 2 (CS)] + 
C 1 2(PPh3)Ru(III)(p_Cl)3Ru(III)(pp 3 ) 2 (C5) + 	e > 
[C12 (PPh3)Ru(IV) (p-Cl) 3Ru(III) (PPh 3 ) 2 (CS)] 2+ 
This mixed-valence complex is therefore worthy of further 
extended spectroelectrochemjcal study since it should provide 
two mixed-valence oxidation states of the same complex. 
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5.4 	EXPERIMENTAL 
Electrochemical studies were performed as described 
previously using the PAR model 170 potentiostat and 
programmer. 
Spectroelectrochemical studies were carried out as 
previously described using the Perkin-Elmer Lambda 9 
spectrophotometer. Temperature control was achieved as 
previously described. Cl(PPh3) 2 Ru(jj-Cl) 3Ru(PPh3) 2CS was 
prepared as described in the literature. 10 
PPh 3 and CS2 were obtained from Aldrich. 
RuC1 3 3H 2 0 from Johnson Matthey. 
Methylene chloride was purified as described 
previously. 
All other solvents were used as obtained without 
further purification. 
TBABFL+ was made as described previously. 
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C HA PT ER 
ELECTROCHEMICAL AND SPECTROELECTROCHEMICAL 




The emphasis in this thesis has been on triply-bridged 
Ruthenium and Osmium binuclear complexes. Only by introduc-
ing asymmetry into the terminal ligand sets of the complexes 
of this type did we observe Class II type behaviour in the 
mixed-valence, M(II)M(III), M=Ru, state. An alternative 
approach to binuclear species with weak metal-metal inter-
actions is to consider complexes with a singly bridging 
ligand rather than three. Much work has been carried out 
on Ruthenium mixed-valence complexes of this type and Class 
I, II and III species have all been observed. 
A. 	Pyrazine Bridged Species 
The Creutz-Taube ion, 1 [(NH 3 ) 5 Ru(pyz)Ru(NH 3 )5][C7H7SO3]5 
•3H 2 0 1  pyz = pyrazine, has been a subject of much controversy 
over the years. The complex is prepared by the reaction of 
[(NH3) 5Ru(H2O) 2+  with pyrazine in a 2:1 mole ratio. This. 
gives the [(NH3)5Ru(pyz)Ru(NH3)5] 	complex which on oxida- 
tion with either Ce(IV) or Ag(I) yields the mixed-valence 
complex of interest. 
This species was originally considered to be a Class II 
complex by Creutz and Taube on the basis of the electronic 
spectrum obtained. An absorption band is observed at 6350 
cm- ' (c=5000molcm 1 dm 3 ) and was assigned as an intervalence 
charge transfer band on the basis that it was not observed in 
either the [Ru(II)Ru(II)] 	or [Ru(III)Ru(III)] 6 species. 
Since this early study the complex has been the subject of 
intensive investigations. Studies by Hush 2 opposed the 
original conclusions and suggested that the complex is in 
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fact a Class III species. He observed that the low energy 
band under study is very intense and the band halfwidth is 
six times narrower than predicted by theory. The position 
of the band, ')max,  was found to be independent of the solvent 
used. 
Crystallographic studies by Ludi 3 of [(NH 3 )5Ru(pyz)Ru-
(NH 3 ) 	are consistent with there being two equivalent 
Ruthenium centres thus supporting the conclusions made by 
Hush. 
• 	Substituted derivatives of the Creutz-Taube ion have 
been prepared. 4 These are of the general type 
[(NH 3 ) LRu(pyz)Ru(NH3) 5J 	where L=D20, pyridine and pyrazine 
n=5; L=C1, n=4. All these complexes also show a band in 
the low energy region of the electronic spectrum. For L=D20 
this band is at a slightly lower energy (6540 cm -1 ) than for 
L=NH 3 whereas the other ligands L=pyridine, pyrazine, C1 
all cause the band to move to higher energy. 
Substitution of the NH 3 ligands at both ends of the 
molecule to give complexes of the type [(NH3)LRu(pyz)RuL-
(NH 3 )] 5 + and [(NH3)3L2TRu(pyz)RuL2' (NH 3 ) 3 J 5 	where 
L=pyridine and L2T=2,2 1 -bipyridine cause the near infra-red 
band to move to lower energy, 6060 cm -1 in the case of 
L=pyridine and 5810 cm' in the case of L=2,2 1-bipyridine. 
In all the pyrazine bridged complexes these bands were 
initially assigned as intervalence charge transfer bands 
i.e. the mixed-valence pyrazine bridged complexes all 
exhibit Class II type behaviour. 
Related complexes of the type [(bipy) 2XRu(pyz)RuY(bipy) 2 ]' 
and [(bipy) 2 XRu(pyz)Ru(NH 3 ) 	n=2,3,4,5, have been 
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prepared 1 ' 4 where X,Y=Cl, NO 2 ; bipy=2,2 '-bipyridine. 
These are prepared by routes detailed in scheme 6.1.1. 
The mixed-valence Ru(II)Ru(III) state has been studied 
in detail for these complexes. The electronic spectrum of 
the symmetric [(bipy) 2 ClRu(pyz)RuCl(bipy)2 ] 3 complex shows 
a low energy - band at 7690 cm' in acetonitrile. This band 
can be assigned as occurring' due to an intervalence charge 
transfer transition by application of Hush Theory. 5 	The 
complex has thus been designated as a Class II species. A 
similar treatment was applied to the complex 
[(bipy) 2 C1Ru(pyz)Ru(NH 3 )5] 	which confirmed that the 
observed band at 10,400 cm' in acetonitrile is also due to 
an intervalence charge transfer transition. 
B. 	Other N-donor Bridging Ligands 
A similar series of complexes where the bridging ligand 
is 4,4 1 -bipyridine have been prepared by Meyer et al. 6 	The 
complex [(bipy) 2 (py)Ru(4,4t.bipy)Ru(py) (bipy)2 ] 5 has been 
prepared by the oxidation of the tetrapositive species, 
[(bipy) (py)Ru(4,4±bipy)Ru(py) (bipy) 2 ]. The parent complex 
is prepared by the reaction of [Ru(bipy) 2 (NO) (py)] (PF6) 
in an acetone/methanol mixture with KN 3 and 4,4 1 -bipyridine. 
The low energy region of the absorption spectrum of the 
oxidised species [(bipy) 2 (py)Ru(4,4'-bipy)Ru(py) (bipy) 2 5 
in acetonitrile is dominated by a band at 7,900 cm'. The 
band successfully fits Hush's criteria for an intervalence 
charge transfer transition and thus this species is 
categorised as a Class II complex. 
Several related complexes have been synthesised and 
0 
2 
[Ru(biPy)2(N0)X] x ci; NO 
IN 	Solvent, S:Me2COMeOH 
I Ru (b1)2(S) xl 
XCI,NO,/excess pyz 	NYZ 
+ 	[bipy)2 u(pyz)R 1u(bp)')2 ] 2 






X 	 Cl 	N 
[bi 2t1u(pyz) Fu(bir 2 ] 
ci 	a 
NJ 
xci / 	\ X= NO2 	 [(biPY)2Ru(Pyz)Ru(biM2v]3 
Br2 	 H 	 Cl 	CI 
[(b1N,,jJ(PYZ)RU(NH3)5] '.,' [(bipy)2IU(pyz)Ru(N H3)5 j5 
Ci 	 NO 
Scheme 6.1.1: Routes for Preparation of Some Ruthenium Binuclear Complexes with Pyrazine as a 
Bridging Ligand 
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studied. They broadly fall into four main categories as 
follows: 
(a) 	[(bipy) 2 RuLM(bipy) 2 ] 
M = Ru, Os 
L = 2,2'-bipyrimidine (bpym), 1. 
(b) 	[(bipy) 2 C1RuL'M(bipy) 2 j2+ 
M = Ru, Os 
L'= pyrazinecarboxylate anion (pyzc), 2. 
(c) 	' [(bipy)2C1RuL"RuCl(bipy)2]2 8 
L" = pyrimidine (pym), 3; trans 1,2 bis 
(4-bipyridyl) ethane (bpe), 4; 1,2 bis 
(4-pyridyl) ethane (bpea), 5. 
(d) 	[(NH 3 ) 5 RuL'"Ru (NH 3 ) 5 ] 
L"= 3,5; 1,2 bis (4-pyridyl) methane 
(bpm) , 6; 3,3' -dimethyl-4,4'- bipyridine 
(3,3' -Me2-4,4'-bipy) , 7; bis (4-pyridyl) 
sulphide (bps), 8; diazapyrene (dap) 9 , 9; 
cyanogen (NC-CN) 10 , 10; tetrabutylmalo- 
nitrile (bmnH) 	11; p-benzoquinonedimmine 
(bqd) 12 , 12. 
The structures of the bridging ligands 1-12 are shown 
in figure 6.1.1. 
Complexes of type (a), (b) and (c) are prepared in 
general by allowing a monomeric complex of the bridging 
ligand e.g. [(bipy) 2 M(pyzc)j(PF 6 ), M=Ru, Os to react with 
1.3 equivalents of cis(bipy) 2 C1 2 Ru2H 2 0 in an ethanol/water 
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Figure 6.1.1: 	 Structures of Bridging Ligands 
li'bpym 	2•pyzc 
0-0 1\ 























mixture for a period of 12-48 hours. The mixed-valence 
species are all prepared by electrochemical oxidation of 
the parent species. 
Type (d) complexes where L"=pym, bpea, bpm, 
3,3 1-Me2-4,4 1 -bipy, bps, dap, NC-CN, bmnH,are prepared 
by analogous routes to the related pyrazine bridged complex 
previously discussed. Mixed-valence complexes of the type 
[(NH 3 ) 5 RuLRu(NH 3 ) 5 ] 5 + are prepared by reduction of 
[(NH 3 ) 5 RuLRü(NH 3 ) 5 ] 6 to [(NH 3 )5RuLRu(NH3)5] 	by zinc 
amalgam and then mixing equimolar amounts of the tetrapositive 
and hexapositive ions. 
Where L"=bqd, [(NH 3 )5RuLRu (NH 3 )5 ] 	is prepared by the 
oxidation of Ru(NH3)5(H20) 2 in the presence of p-phenylene-
dihy-drochioride, keeping the pH at 7±0.5. 
All mixed-valence species discussed above with the 
exception of L"=bpea, L"=bpea, bpm exhibit an absorption in 
the low energy region of the electronic spectrum. The 
absorption spectrum of the complexes where Lt=bpea, L"= 
bpm and bpea show no low energy band and have thus been 
assigned as Class I species. 
Analysis of the observed low energy bands according to 
Hush theory of the complexes where L=bpym, L' =pyzc, L"=pym, 
bpe, and L"=bpe, 3,3 1 -Me2-4,4 1 -bipy, bps, dap, show that 
they arise due to an intervalence charge transfer process 
and are thus Class II species. Complexes with asymmetric 
terminal ligation tend to have intervalence charge transfer 
bands at higher energy than the corresponding symmetric 
species. Replacing one ruthenium centre for osmium shifts 
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the band to higher energy. Both of these observations are 
a consequence of the energy difference, EE O , increasing 
between the two sites (see Chapter 5). 
When L" = NC-CN, the low energy transition is observed 
at 6990 cm' in acetonitri le. The position of the low 
energy band does not vary with solvent. Only one '(CN) 
stretching vibration is observed in the infra-red spectrum 
at 2330 cm' which is 50 cm' higher than in the case of the 
reduced complex and 120 cm -1 lower than for the oxidised 
species. These observations suggest that this complex is 
a Class III species i.e. the metal centres are strongly 
interacting. It is thought that complexes with L 111 = bdq and 
bmnh are also of the Class III type. 
C. 	Other Bridging Ligands 
Recently complexes where L=NCX; x=S, Se have been 
prepared 11,11,15 	There aretwo Classes of these complexes: 
[C1(bipy)2Ru(NCX)Ru(bipy)2Z] 	13,14 
Z = Cl - , NO2, NCS 
n = 1, 2, 3 
X=S, Se 
[ (NH 3 ) 5 Ru (NCX) Ru (NH 3 ) 5 ] 	15 
x=S 	/ 
Scheme 6.1.2 details the syntheses of type (a) complexes. 
Complex (b) is prepared by the reaction of [Ru(NFI 3 )5N2] Br 2 
with [Ru(NH3) 5SCN]Br 2 in water. 
Studies have shown that complex (b) is a Class III 
species. By changing the terminal ligands from NH 3 to bipy 
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Scheme 6.1.2: Routes for Preparation of Some Binuclear 
Ruthenium Complexes of the type [Cl(bipy)2RuXRu(bipy)2Y} 
where 	X = NCS, NCSe 	and Y = Cl- , NCS, NO2 
[CIbipy)2RuNcxRu(bipy2a]3 	 (from 13 )14) 
2Ce(iV) 
[CI(bIpy)2RUNCXRu(bIPY)2C 
I [(bipy)2Ru(NCX)CI]-2H20 (A) 
Cis [(biPy) 2RuC1 2  ] 2H20 	
EtOH X S,Se 
H 2 5[ ( biPI)RU ( HD)C 1 1 
cis[bipj 2Ru(NCS)2] 
EtOH 




[chpy)2Ru NCSR1 	2(N(\- S)1 
[(bipy) 2. Ru(NO)(NO) 
2 
 j 	 l(Ulp/)2 
RuNe 2 CO)(NO 
2 ] KN 3 , 






as in Type (a) species leads to the extent of metal-metal 
interaction decreasing in the mixed-valence state. Thus 
these complexes have been determined to exhibit Class II 
type behaviour. 
This present study involves cyano-bridged complexes 
of the type [CpL2Ru(II)-CN-Ru(II)L2Cp]PF6 16 where L is a 
soft neutral ligand. The complexes are shown below: 
[Cp(PPh 3 ) 2 Ru-C=N-Ru(PPh 3 )2CpJPF6 
[Cp(PPh3) 2 Ru-CEN-Ru(Ph 2 P(CH 2 ) 2PPh2)Cp]PF6 
[Cp(Ph2P(CH2) 2 PPh 2 )Ru-CEN-Ru(PPh 3 ) 2Cp]PF6 
[Cp(PPh3)(tBuNC)Ru_CEN_Ru(PPh3)2Cp}PF6 
[Cp(PPh 3 ) 2 Ru-CEN-Ru(PPh 3 ) (CO)Cp]PF6 
Cyano-bridged mixed valence complexes of the type 
[(NH3)sRu-NEC-M(CN)5] 17  where M=Fe, Os and 
[(CN) 5Fe-CEN-Fe(CN) 	18 have been studied previously 
and all were shown to exhibit Class II behaviour. 
Complexes (l)-(5) are prepared by the reaction of the 
monomeric cyano-species CpRuL2CN with the relevant monomer 
CpRuC1L2 where L is as before. 
Complex (3) has been characterised crystallographically 
confirming the binuclear structure with a bridging cyano 
group. 16  The central four atoms Ru(1), N(l), C(1) and Ru(2) 
are almost colinear with an angle of 168° at N(1) and 175° 
at C(1). The Ru-C(1) bond length of 2.03 is longer than 
that found in monomeric ruthenium isonitrile complexes e.g. 
[RuC12 (CC) (PPh3) 2 (CNC6HCl-2)]EtOH has a Ru-C distance of 
1.94) 	The Ru-N distance is however shorter than observed 
for typical Ru-N donor complexes, being 2.07 compared with 
20 2.165 in [Ru(nC8H 1 2)C12 (CO) (NCMe) 	This observation 
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suggests that the positive charge is localised on the 
ruthenium centre bearing the nitrogen. An electrochemical 
study of these cyano-bridged complexes was carried out to 
determine the redox processes 'available in these complexes. 
Any mixed-valence Ru(II)Ru(III) state at accessible 
potential will be probed by spectroelectrochemical methods 
to determine the nature of the metal-metal interactions. 
6.2 	RESULTS AND DISCUSSION 
Complexes (l)-(5) were supplied by Dr. S.J. Simpson, 
University of Salford. 
(a) 	Results: 
6. 2. 1 	Electrochemistry 
Electrochemical studies were carried out as previously 
described. The results are shown in Table 6.2.1. Figure 
6.2.1 shows the cyclic voltammogram obtained for complex (1). 
Complex (1) undergoes two one-electron oxidations in 
methylene chloride/0.5M TBABFL+ . The first is reversible at 
290K; the second however is only reversible at T=243K. 
Complexes (2), (3) and (4)*  also show two oxidations. 
The first one-electron process is reversible whereas the 
second in every case is irreversible regardless of the 
temperature and scan rate used. 
Complex (5) shows only one, one-electron oxidation 
at +1.22V which is more positive than the other first 
* 	Complex (4) shows an additional oxidation at +0.88V 
as a shoulder of that at 1.03V. It is thought that 
this occurs due to cis/trans isomerism. 21 
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Table 6.2.1: 	E (V) values for Complexes (1) - (5) in 
Methylene Chloride I 0.5M TBABFL+ (T = 290K) 
E 	(V versus AgIAgC1) 	a 
Compound 11,11 I 	11,111 11,111 	I 	111,111 
1 1.00 (0.060) 	
d 1.58 	b (0.060) 
2 0.86 (0.060) 1.44 	
C 
3 0.93 (0.060) 1.49 	
C 
4 1.03 (0.070) 1.56 
5 1.22 (0.060) - 
Ferrocene/Ferrocinium at +0.56V 
Reversible at T = 243K 
C. 	 Irreversible even at low temperatures 
d. 	E' - EpR values are shown in brackets (where 
EVE' and E' are potentials at the maximum of 
the forward and reverse scans respectively. 
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Figure 6.2.1: Electrochemistry of [1] in Methylene 





1'O 	 15 
E (V vs AgIAgCI) 
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oxidation processes observed. No other redox processes 
were observed. We note that the oxidation at +1.22V is 
fully reversible which is unusual in transition metal 
complexes with coordinated CO. 
The separation between the first and second oxidation 
processes is between 0.5 and 0.6V which is similar to that 
observed for the symmetric triply bridged complexes discussed 
in Chapters 1-4. 
6. 2. 2 	Spectroelectrochemistry 
Spectroelectrochemical studies were carried out as 
described previously for complexes (1)-(5). 
The mixed-valence Ru(II)Ru(III) [A]+, where A=complexes 
(1)-(5), state was electrogenerated in situ for each species 
in methylene chloride/0.5M TBABFL at a suitable potential 
using the O.T.T.L.E. cell ( "s 0.2V beyond the redox process). 
The temperature was maintained at T=243K for complexes (1)-(4) 
and 272K for complex (5) . The absorption spectra were 
recorded over the range 4000-40,000 cm'. 
Only complex (1) displayed a reversible second oxida-
tion, therefore the species [1]2+ was electrogenerated using 
the O.T.T.L.E. cell at a potential of E=+1.85V. In this 
case the temperature was maintained at T=233K. 
Of interest to us is the low energy region of the 
spectrum, since it is this region which is diagnostic of 
mixed-valence behaviour. Therefore, only the near infra-red 
region of the absorption spectrum will be discussed. 
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[A] , where A = Complexes (1)-(5) 
All species, [A] show no bands in the low energy 
region of the electronic spectrum. 
[A] 
On oxidation to [A] when A=complexes (1)-(4) a very 
intense band forms in the low energy region of the electronic 
spectrum with extinction coefficients ranging from 5704 to 
7332 mol 1 cm 1 dm 3 . The results are shown in Table 6.2.2. 
Figure 6.2.2 shows the spectrum obtained for the oxidation 
of [1] - [1]. 
In the cases of complexes (2) and (3) this band is 
asymmetric. Complex (2) has a shoulder at low energy and 
(3) one at higher energy. Figure 6.2.3 shows the spectra 
obtained for [211k and [3 
In complexes [11, 12 	and [3] the position of this 
band, vmax,  was found to be independent of the solvent used. 
Figure 6.2.4 shows the graph of Vmax versus 	- 
for [11+. The solvents used were:- 
Chloroform / 0.5M TBABFI+ 
Methylene Chloride / 0.5M TBABF + 
Acetone / 0.1M TBABF + 
Acetonitrile / 0.1M TBABFL 
Vmax varies from 10,024 cm 1 in the least polar solvent, 
chloroform, to 9952 cm' in the most polar solvent, aceto-
nitrile. The band halfwidth, A, which in all cases is 
< 5000 crn' varies from 3200 cm -1 for complex (3) to 4200 
cm-1 for complex (2) and does not vary with temperature. 
Both indicate that the metal centres are strongly interacting 
Table 6.2.2: Band Positions (Vmax ) in the Near Infra-Red 
Region of the Electronic Absorption Spectrum 
for Complexes (1) - (5) in Methylene Chloride 
/ 0.5M TBABFL 
11,11 	 11,111 	 111,111 
Compound 	Vmax (cm 1) 	(mol cm 'dm 3 ) 	Vmax (cm 1) 6 (mol' cm 'dm 3 ) 	Vmax (cm 1) 6 (mol 1 cm 1 dm 3 ) 
	
1 a 	 - 	 0  - 	 9,773 	7,332 	 12,309 	3,503 
2 a 	 - 	 - 	 11,568 	5,704 	 - 	 - 
a 	 - 	
- 	 9,994 	7,320  
a 	 - 	
- 	 10,052 	6,677 	 - 	 - 
b 	 - 	
- 	 15,200 	1,344  
T = 243K 




Figure 6.2.2: Spectrum showing the Conversion of [1] - [1] 
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Figure 6.2.3: Spectra of [2} and [3] in Methylene Chloride I O.SM TBABFL+ at T = 243K 
10 
-250- 	 - 
Figure 6.2.4: Graph of Vmax  (cm-1 ) versus 	- '/D 
for [1}. in Methylene Chloride I 0.5M 
TBABF + at T = 243K 
v ;y(cm I) 
0.2 	 0.3 	 0.4 	 05 
1/Do1 ID5 
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and that the species are Class III compounds. 
The largest extinction coefficient is observed with 
complex [i1 i.e. that of lowest energy and the smallest 
with complex [2], which has the highest energy band. The 
bands with larger extinction coefficients tend to have lower 
Ai values and vice versa for those with smaller extinction 
coefficients. All bands will therefore have similar values 
of oscillator strength, f (f4.6x10cmaxt), which is a 
measure of the integrated intensity under the absorption 
profile. 
Complex (5) shows very different behaviour from-(l)-(4). 
The results are shown in Table 6.2.2. A much weaker band 
(E=1344 mol'cm'dm 3 ) is observed at 15,200 cm'in methylene 
chloride/0.5M TBABFL+ . The band halfwidth does vary with 
temperature, decreasing from 2900 cm' at 282K to 2200 cm' 
at 203K. Figure 6.2.5 shows the observed spectrum for 
[51 - 	[s1. 
Attempts were made to study this complex in other 
solvents. In acetonitrile and chloroform the species 
decomposed to give an unknown compound. In acetone a band 
was observed at 15,200 cm-1 for 151+. From this very 
limited information it appears that the position of the 
band, umax' is independent of the solvent used. Further 
studies in other solvents are therefore required providing 
suitable ones can be found in which the complex in either 
oxidation state does not decompose. Temperature and solvent 
studies therefore give conflicting results. On the basis 
of the extinction coefficient, compared with those for 
complexes (1)-(4), the fact that it is higher in energy than 
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Figure 6.2.5: (a) Electronic Absorption Spectrum of the 
conversion of [5] - [5] and (b) Final Spectrum 
of [5] in Methylene Chloride I 0.5M TBABFL+ 





those observed for complexes (1)-(4) and that [5] shows no 
such band suggests we may be observing an intervalence 
charge transfer band. 
3. 	[A] 2 
This was only observed for complex (1). The position 
of the bands are given in Table 6.2.2. Figure 6.2.6 shows 
the spectrum obtained for the oxidation of [1]+ - [1] 
together with the final spectrum of [1] 2 +. 
Two bands are observed at 12,309 cm' and 16,015 cm -1 , 
which are weaker than that observed in [1] (=3503 and 
3113 mol'cm'dm 3 respectively). 
(b) Discussion 
Spectroelectrochemical results of the oxidised species 
[A]+, A=(1)-(4) indicate that the two Ru centres are strongly 
interacting. The X-ray crystallographic study of [3] shows 
that the Ru-C=N-Ru linkage is almost linear which suggests 
that the metal-metal ineraction is either through direct 
d-d orbital overlap or involves orbitals on the CN bridging 
ligand. 	The electrochemical results would tend to favour 
the first suggestion since the oxidation potential of the 
process [A] - [A] + occurs at very similar values to those 
of the triply bridged complexes discussed in Chapters 1-4. 
The qualitative molecular orbital calculations on the 
triple chioro-bridged binuclear species (Chapter 4) showed 
that the HOMO orbital had no contribution from the bridging 
ligands and was solely metal based. We therefore propose a 
similar interaction in these CN bridged complexes. Further 
consideration of the structure of [3] indicated that the 
(moicmdm3 ) 





Figure 6.2.6: (a) Electronic Absorption Spectrum of the conversion of [l]+ -* [l]2+ and 
(b) The Final Spectrum of [1] 2 + 
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important orbital overlap between the two ruthenium centres 
will be via the d2 orbitals giving a o and a molecular 
orbital. 
Complexes (1)-(4) all involve some degree of asymmetry 
and therefore then 
ruthenium centres. 
positive charge of 
centre attached to 
ligand (henceforth 
Thus we would 
will be an energy difference between both 
It has been argued that in [3] the 
the complex is localised on the ruthenium 
the nitrogen end of the CN bridging 
referred to as the Ru-N end) 
expect the Ru(II) centre attached to the 
carbon of the CN ligand (the Ru-C end) to be stabilised 
towards Ru(III) compared with the Ru-N end. The electronic 
influence of negatively charged ligands in stabilising the 
Ru(III) centre is well documented. For example if we 
compare the potentials for the Ru(II) - Ru(III) process on 
[Ru(bipy) 2 (py)Cl] at +0.76V and [Ru(bipy) 2 C1 2] at +0.31V 
(both versus S.C.E. reference electrode), 22 then the 
latter complex oxidises at less positive potentials than 
the former. 
A qualitative molecular orbital diagram for [1]+ is 
shown over page. 
The molecular orbital o which is the HOMO of the 
complex has predominantly d-orbital character c.t the Ru-C end 
and the a orbital will have predominantly d-orbital character 
cd the Ru-N end. Upon oxidation of [1] - [11+, we envisage 
removal of one electron from the a orbital and the near 
infra-red absorption is assigned to the a - o transition. 
In order to rationalise the electrochemical and spectro-





Ru-C end 	 Ru - N end 
constructed a molecular orbital diagram. This is shown in 
Figure 6.2.7 in which complexes (2)-(5) are energetically 
related to complex (1). In complex (2) the Ru-N end has 
the bidentate Ph2P(CH2)2PPh2 ligand replacing two monodentate 
PPh 3 ligands in [1]. Although there are no literature values 
for the electronic parameter of the bidentate phosphine 
ligand we would expect it to be more electron releasing than 
the two PPh 3 ligands as it has only four electron withdrawing 
phenyl groups as opposed to six. This should stabilise the 
Ru-N end towards oxidation thereby making the two ruthenium 
centres energetically more equivalent which will result in 
a stronger interaction in [2] than [l]. This is indeed 
observed experimentally as Vmax  in [21+ is at higher energy 
than [1]+ . Furthermore the stronger interaction should 
result in a smaller E value for [2]+ compared to [1] + 







Pu-N Ru-N Ru-N Ru-N 










(1) (2) (3) (4) 	 (•5) 
Figure 	6.2.7: Molecular Orbital Diagram Energetically Relating Complexes 2 - 5 	to 	1 
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A similar argument applies to complex [3] in which 
the bidentate phosphine ligand is attached to the Ru-C end 
thereby making it more accessible to oxidation than in [1]. 
In this case the two ruthenium centres are less favourably 
energetically matched than in [1]. Experimental results 
indicate that the energy mismatch between the ruthenium 
centres is such that the oxidation process is easier than 
in [1] and we therefore conclude that the degree of inter-
action is less in [3]+  than [1] ; it is still however a 
strong interaction. 
In complex [4], one PPh 3 group, at the Ru-C end of [1], 
has been replaced by the n-accepting ligand tBuNC (%50% 
effective as the CO ligand) 23  This would be expected to 
destabilise the Ru-C end towards oxidation and therefore 
lead to a stronger interaction between the two ruthenium 
centres. This is observed spectroelectrochemically as vmax 
for [4] is higher in energy than for [l]t The oxidation 
potential for [4] - [4] is similar to that for [1] - [1] 
which indicates that the strong interaction in [4] is 
almost negated by the "lowering" of the Ru-C end. 
In complex [5], one of the PPh 3 ligands of the Ru-N end 
of [1] is replaced by the strongly n-accepting CO ligand. 
The spectroelectrochemical results were best explained using 
Class II type behaviour, that is a weakly interacting system. 
The electronic effect of the CO ligand is such that the 
energy mismatch between the two ruthenium centres is 
sufficient for the a*orbit al to have little or no contribution 
from the orbital on the Ru-N end, and the c orbital has a 
similar contribution from the orbital on the Ru-C end. 
S 	 -259- 
The results and molecular orbital discussion combine 
to suggest that complexes [2]+ and [4] +  have the strongest 
metal-metal interaction and [5]+  has the weakest. 
A further one electron oxidation involves removal of 
an electron from an antibonding o orbital which should 
result in the a orbitals moving to lower energy and umax 
to higher energy as is observed. The work in previous 
Chapters showed that oxidation of, for example, the mixed-
valence [(P(OMe) ) 3Ru(p-Br)3Ru(P(QMe) 3) j2+ 	to 
[(P(OMe) ) 3Ru(p-Br) 3Ru(P(OMe) 	j3+ led to an increase in 
metal-metal interaction. The bands observed in the low 
energy region of the electronic spectrum of 
[(P (OMe) ) 3 Ru (p-Br) 3 Ru (P(OMe) ) 	move to higher energy 
and become more intense upon oxidation to 
[(P (OMe) ) 3 Ru (p-Br) 3 Ru (P(OMe) ) 14.• 	The band observed 
in the low energy region of the electronic spectrum of 
[1 ] + is however weaker. It is important to remember that 
in the single CN bridged complexes the geometry of the 
bridge prevents the two ruthenium centres becoming much 
closer to one another. Thus, although electronic considera-
tions favour an increased metal-metal interaction, steric 
considerations do not. 
0 
6.3 	CONCLUSIONS 
Complexes (1)-(4) are all Class III complexes with 
strongly interacting metal centres. Changing the ligands 
at each ruthenium centre alters the energy difference 
between the two metal centres which is reflected in the 
differing degree of metal-metal interactions observed. 
ZWOM 
Complex (5) is a Class II complex with' weakly inter-
acting metal centres. 
It would be interesting to study a wider range of 
complexes of this type. Examples are shown below. 
Cp 
Ph 3PU - C=-=N - Ru-pph3 
P h 3 P 	 " CNtBu 
1 
C 







Electrochemical studies were performed using the PAR 
model 170 potentiostat and programmer as described previously. 
Spectroelectrochemical studies were carried out using 
the optically transparent thin layer electrode of the 
previously described design. The Perkin-Elmer Lambda 9 
specrophotometer was employed for these studies. Spectra 
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were recorded over the range 4000 cm' - 40,000 cm'. 
Temperature control was achieved as previously described. 
i 
Complexes (1)-(5) were supplied by Dr. S.J. Simpson,. 
University of Salford. 
Methylene chloride was purified as described previously. 
All other solvents were used as obtained, without 
further purification. 
TBABFL+ was prepared as described previously. 
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A.1 	ELECTROCHEMICAL TECHNIQUES 
Electrochemical studies have been carried out through-
out this work. A brief outline of the apparatus and 
techniques used will now be given.' Electrodes, cell 
design, solvent and supporting electrolyte will be considered 
first. 
A.l.l 	Electrodes 
In all the systems studied organic solvents were used, 
which all have a high intrinsic solution resistance. A 
three electrode configuration is commonly employed under 
such conditions: a working electrode (w.e.), a reference 
electrode (r.e.) and a counter (auxiliary) electrode (c.e.). 
A potential difference is measured between the r.e. and the 
w.e. and a current is monitored between the w.e. and c.e. 
The r.e. maintains a constant reference potential throughout 
the experiment and any change in applied potential appears 
across the w.e. solution interface. No current flows to the 
r.e., which is therefore left unpolarised and stable. 
The reference electrode must meet certain requirements: 
Be reversible and obey the Nernst equation. 
The potential must not change with time and 
temperature and the resistance of this component 
must be relatively high. 
It must not cause contamination of the test solution. 
(In experiments a Salt bridge is employed to avoid 
this effect) . 
The most commonly used reference electrodes are Ag/Ag+ where 
polar solvents such as acetonitrile are the solvent and 
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Ag/AgC1 in non polar solvents, for example, methylene 
chloride. 
In organic media, Pt is the most commonly used w.e. as 
it is stable over a wide potential range. The c.e. is 
usually made of an inert material such as Pt and should have 
a large area compared with the w.e. 
A.1.2 	Solvent 
The solvent used is dictated by the sample solubility 
and stability. There are however a number of other important 
features to consider. These are: usable potential range, 
dielectric constant, accessible temperature range, vapour 
pressure, viscosity, toxicity, donor or coordinating properties 
and ease of purification. For spectroelectrochemical 
experiments the onset of absorption of the solvent in the 
UV region is also important. 
A.1.3 	Supporting Electrolyte 
The electrolyte is present to increase the conductivity 
of the solution and is present in concentrations of between 
0.1 and 0.5M. This decreases the resistance between the w.e. 
and c.e. and also minimizes the error in potential measure-
ment due to the uncompensated solution resistance, iRu. It 
largely determines the structure of the double layer 
immediately adjacent to the electrode. The vast excess of 
ions present in the electrolyte compared with the test species 




A suitable cell must satisfy the following requirements: 
It must have as low a resistance as possible which 
is particularly important with organic solvents and 
high currents. In order to achieve this the three 
electrodes are placed reasonably close to each 
other and the w.e. is kept small (so that all points 
on the surface of the electrode will be essentially 
equidistant from the much larger counter electrode) 
A symmetric electical field must be established at 
the w.e. by optimizing the electrode geometry. 
The temperature must be controlled. 
It must be protected from air, water etc. 
It must be easily dismantled. 
The facility for separation of w.e. and c.e. during 
bulk electrosynthesis must be easily incorporated 
(in practice use a different cell design). 
Figure A.1.1 shows a typical cell arrangement for conventional 
electrochemistry and Figure A.1.2 shows a three compartment 
cell for bulk electrosynthesis experiments. 
Before discussing the techniques used to study electrode 
processes it is important to define certain terms used to 
describe types of charge transfer processes. 
Reversible: The electron transfer to or from the 
electrode occurs more rapidly than the rate of 
diffusion of the redox active material to the 
electrode surface. 	 - 
Quasi-Reversible: The electron transfer process is 
-267- 
Figure A.1.1: Typical Cell Arrangement for Conventional 
Electrochemistry 
C, counter electrode 
W, working electrode 
R, reference electrode 
Figure A.1.2: Three Compartment Cell for Controlled 
Potential Electrolysis 
1 Reference Electrode 
2 N 2 Inlet 
3 working Electrode 
4 N 2 Outlet 
5 Counter Electrode 
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governed by both diffusion and charge transfer 
kinetics. 
3. 	Irreversible: The charge transfer process is much 
slower than the diffusion rate. 
A.1.5 	Cyclic Voltammetry 
In cyclic voltarnmetry a stationary electrode is used 
in a quiet (unstirred) solution. The vast concentration of 
supporting electrolyte in solution and the thermostatically 
controlled cell means that the effects of mass transport 
due to convection and migration can be eliminated from further 
discussion. Diffusion is therefore the only means of mass 
transport of reactants and products between the bulk solution 
and the solution/electrode interface. 
The potential of the electrode is varied linearly 
with time; the rate at which the potential is changed being 
the scan rate, v (typically 20-500 mVs 1 ). The current, i, 
is measured as a function of potential, E. 
A typical cyclic voltammogram for a reversible process 
is shown in Figure A.1.3. 
The current response is of an asymmetric peaked form, 
the increase in current occurring when the potential of the 
electrode is scanned into the range where the reactant begins 
to be reduced (or oxidised) at the electrode. The rate of 
this reaction increases rapidly as E increases. This leads 
to most of the reactant near to the surface of the electrode 
being consumed. The current is therefore limited by the rate 
at which additional reactant can diffuse to the electrode 
from the bulk solution. The current maximum occurs when the 
MM1110  
tendency towards increasing current, because of the increas-
ingly favourable potential, is just matched by the trend 
towards decreasing current which is imposed by the depletion 
of reactant near the electrode. Beyond the peak the latter 
of these effects occurs. Upon reaching a pre-set value, 
the "switching potential", the voltage scan is reversed to 
the starting value using the same scan rate, v, as in the 
forward scan. The reversal current has a shape much like 
that of the forward peak for essentially the same reasons 
but in the opposite direction. The position of the peak of 
the reverse wave is not at the same potential as the forward 
peak and is shifted to more positive potentials in the case 
of a reduction and vice versa for an oxidation. 
The parameters obtained from the cyclic voltammogram 
of most interest are the peak current, 1 p ' the potential 
at the maximum of the forward curve, E' and the correspond-
ing parameters for the reverse curve (± p 1 and ERR) . By 
using these parameters we can determine the nature of a 
charge transfer process as shown in Table A.1.1. Figure A.1.3 
indicates how the parameters are obtained from a cyclic 
voltammogram. 
A.1.6 	Voltarninetry in a Stirred Solution 
In order to determine if a redox process is an oxidation 
or a reduction stirred linear voltammetry can be used. 
Figure A.1.4 shows a typical stirred and unstirred voltainmo-
gram for a complex that undergoes both a reduction and 
oxidation. Conventionally processes with current traces 
Sweep E 
mme try 
I 	 I 
to 
PERTURBATION 
Figure A.1.3: Typical Cyclic Voltamxnogram for a Reversible Process 




Table A.1.1: Cyclic Voltammetric Criteria for Reversible, 
Quasi-Reversible, Partially Reversible and 
Irreversible Charcie Transfer Processes at 298K 
Reversible 	 E is independent of 
EF - Ep1 = 59/n mV and is independent 
of v 
[E'+ ERR] = E1'2, independent of 
concentration 
i/\)1/2 (current function) is independent 
of \) 
iR/iF = 1 and independent of 
Quasi-reversible 	E shifts with 
E' - ER increases as ' increases 
i/v/2 is independent of 
ipR/ipF generally = 1 
Partially-reversible E increases by 30/n mV for a ten fold 
(i.e. irreversible 	increase in ', at low v 
chemical reaction 	i/l/2 is independent of 
following charge 	IR/iE' increases towards 1 as v 
transfer) 	 increases 
Irreversible 	 Ep shifts with 
is independent of ' 
There is no current on reverse scan. 
= sweep rate in mVs 1 





above the i = 0 line are reductions and those below are 
oxidations. In this type of voltammetry the mass transport 
is carried out by both convection and diffusion. For 
efficient stirring a rotating disc electrode (R.D.E.) and a 
slow scan rate should be used. 
The RDE consists of a disc of the electrode material 
imbedded into a rod of insulating material. For example a 
Pt wire is surrounded by teflon or epoxy resin. The shaft 
of the RDE is linked directly to a motor and an electrical 
contact. The variable parameter of interest is the angular 
velocity, w(s 1 ) where w = 27f. A typical RDE is shown in 
the diagram below. 
,-" electrical contact 
Disk 
Access of the solution to all the electrode surface is 
uniform if the electrode radius is small compared with the 
insulating surround. The rate of mass transport to the 
electrode can be varied over a wide range and in a controlled 
way. For potentials where the surface concentration of 
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electroactive species is zero, the equation that relates 
the limiting current density and the rotation rate has been 
derived by Levich: 
= 0.620 nFAD0 2 / 3 wh/2 	Co 
where 	 n = number of electrons 
F = Faradays constant (96487 Cmol) 
A = area of electrode, cm 2 
D 0 = diffusion coefficient, cm 2 s 
= kinematic viscosity, cm 2 s' 
w = angular frequency of rotation 
S -1 (27 x rotation rate) 
Co*= initial bulk concentration mol 
CM-3 
This equation is often used to test that the current 
is entirely mass transport controlled. A plot of i versus 
W 1/2  should be linear and pass through the origin. The 
slope may be used to determine the diffusion coefficient 
for the electroactive species. 
A.1.7 	a.c. Voltarninetry 
Alternating current (a.c.) voltainmetry essentially 
involves the superposition of a small amplitude, relatively 
high frequency alternating potential upon a linearly scanning 
d.c. potential. The superimposed voltage is usually periodic 
in time such as a sinusoidal wave. Thus in addition to the 
d.c. potential an alternating current also flows. The net 
alternating current component is recorded as a function of 
the linear d.c. potential. For a reversible redox step the 
output current signal recorded is a symmetric peak centred 
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upon E 1 1 2 of the corresponding d.c. polarogram. Figure 
A.1.5 shows a typical reversible a.c. voltammogram. 
A range of frequencies, w, from about 1OHz-1000Hz can 
be used. 
In a simple model, if the cell is considered as a 
capacitor-resistor network to which the sinusoidal voltage 
superimposed on a linear potential ramp is applied, the 
shape of the a.c. wave follows straightforwardly from 
considering it as the " first derivative" of the d.c. wave. 
However, although this argument gives an understanding of 
the shape of the wave, it should be treated with caution. 
It would be misleading to regard the a.c. voltanimogram as 
merely a first derivative presentation. The a.c. experiment 
contains additional information; a new experimental variable, 
w, is available which effectively controls the "tirnescale" 
of the experiment thus making the experiment a more sensitive 
test of the departure from reversibility than the d.c. mode. 
Similarly, the model fails to explain the dependence of peak 
height on the frequency of the a.c. voltage. 
An additional advantage with a.c. is that under normal 
conditions the technique discriminates against the background 
"residual" or capacitive current. This is possible because 
of the differing phase relationships which the two current 
components, faradaic and capacitive currents, have with the 
applied voltage. Thus by phase sensitive detection the 
faradaic current can be measured exclusively, thus increasing 
the sensitivity to analyte concentrations of 106 - 10 7M 
the d.c. mode requires concentrations of lO 	- 10 6 M) 






Figure A.1.5: Typical a.c. Voltammogram for a Reversible 
Process 
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to resolve waves which are separated' by as little as 
40mV (150mV separation is required for d.c. voltammetry). 
Reversibility criteria for a.c. voltainmetry are: 
Potential 
hIEtt is independent n w 't . 
W 1 , 2 = 90/n mV at 25° and independent of " w " . 
Current 
A plot of " p " versus w1/2 gives a straight line 
through the origin. 
A.1.8 	Electrosynthesis - Coulometry 
Preparative scale electrolyses fall into two classes: 
Controlled Current (galvanostatic) 
Controlled Potential (potentiostatic) 
The controlled potential method is the more often used. 
It consists simply of an experiment in which an electro-
chemical reaction is allowed to proceed at an electrode, the 
potential of which is held constant. The fixed potential 
must be more than'60mV past E 1 1 2 for 100% conversion. 
The currents passing through the solution are relatively 
large and it is therefore necessary to work with a three 
electrode cell. A typical cell is shown in Figure A.1.2. 
The w.e. and c.e. must be separated in this type of 
experiment otherwise products formed at each electrode would 
self cancel. 
The current is measured as a function of time, with the 
solution stirred throughout. Figure A.1.6 shows a typical 
i versus t graph. The area under the curve gives the total 
quantity of electrical charge which has passed during 
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electrolysis (Q). 	Thus: 
t 
Q = 	
idt 	 (1) 
but 	Q = nFM 	 (2) 
where m = number of moles of product, n = number of 
electrons and F = Faradays constant. Thus from an electro-
synthesis experiment, assuming 100% efficiency, we can 
determine n, the number of electrons involved in the redox 
step. 
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Figure A.1.6: Characteristic Current-Time Response for Controlled Potential Electràlysis 
APPENDIX 
-281- 
A.2.1 	STUDIES ON TWO MONOMERIC OSMIUM COMPLEXES 
Attempts were made to prepare [(PMe 2 Ph) 3 0s(11-Cl) 3 0s-
(PMe 2 Ph) 3 ]Cl by Chatt's method' i.e. by the interaction of 
[OsC16] 2-  with PMe 2 Ph in methanol. A yellow solid was 
always obtained which was initially assumed to be the 
binuclear species. Addition of methanol/excess NH + PF6 to a 
dichioromethane solution of this in order to exchange the Cl 
anion yielded some yellow solid material together with a 
purple solution, from which purple crystals formed. The 
yellow material analysed as the expected [(PMe2Ph)3 Os (p-Cl)3 - 
Os(PMe2Ph) 31PF6 species. 
Microanalysis and the FAB mass spectrum of the purple 
crystals suggested that this complex was [OsC12(PMe2Ph)]PF6. 
Electrochemical studies showed that it had the trans 
isomeric form. The neutral monomeric species, trans 
OsC12 (PMe2Ph) 2  undergoes two one-electron oxidations at 
+0.28V and +1.55V (versus Ag/AgC1) whereas cis OsC12(PMe2Ph) 
undergoes one, one-electron oxidation at +0.74V. The 
complex under study showed a one-electron reduction at +0.28V 
and a one-electron oxidation at +1.55V (determined using 
stirred cyclic voltammetr. Appendix 1 gives details of 
this technique). Thus it was assigned to be 
[Os(III)C1 2 (PMe 2 Ph)]PF 6 . 
The related complex OsC12(P(OMe)Ph2) was prepared as 
an intermediate in the preparation of [(P(OMe)Ph2)3Os(p-Cl) 3 -
Os(P(OMe)Ph 2 ) 3 }PF 6 by the reaction of OsC12(PPh3)3 and 
P(OMe)Ph2 in degassed hexane. This complex was confirmed to 
have trans chloride ligands by a 3  1 PH1 n.m.r. study which 
showed a singlet at 85.3 ppm over a range of temperatures. 
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Electrochemical studies showed this complex to have 
two one-electron oxidations at +0.35V and +1.53V (versus 
Ag/AgC1). The first oxidation being slightly more difficult 
than in the case of the species where L = PMe2Ph; this is 
likely to be an effect of the electronic properties of the 
P(III) ligands as discussed in Chapter 4. 
Spectroelectrochemical studies were carried out as 
previously described. The generation of the Os(III) species 
from Os(II) was carried out at a suitable electrogeneration 
potential. The temperature was maintained at 243K. The 
spectra were recorded over the range 4,000-40,000 cm'. 
The positions of the bands observed and their extinction 
coefficients are given in Table A.2.1. Figure A.2.1 a, b 
and c shows the spectra of Os(II)C12(P(OMe)Ph2) 
Os(II)C12(P(OMe)Ph2)+ - [0s(III)Cl 2 (P(0Me)Ph 2 )] 	and 
[Os(III)C12(P(OMe)Ph2) + ] 	respectively. 
The electronic spectrum of trans [OsC12 (PMe2Ph) LJPF 6 
is very similar to that of trans [OsC1 2 (P(OMe)Ph 2 ) 4] 	 ( see 
Figure A.2.2). 
The major bands in the oxidised species are at higher 
energy when L = PMe 2 Ph than when L = P(OMë) Ph2. 	It is 
thought that the band at approximately 30,000 cm- I  is due 
to an intraligand transition because of its intensity 
'1 
(E 2000 mo1'cm'dm 3 ) and its very small energy shift on 
oxidation. The lower energy band is only present in the 
Os(III) state and is assigned to a Cl --  Os(III) ligand to 
metal charge transfer transition since it varies little with 
changing phosphine ligand. We note that in neither case is 








Figure A.2.1: Electronic Absorption Spectrum of (a) 	OsC12(P(OMe)Ph2) 
(b) [OsC12(P(OMe)Ph 2 )] - [OsC12(P(OMe)Ph 2 )] 	and (c) [OsCl2(P(OMe)Ph 2 ) 4 ] 
in Methylene Chloride I 0.5M TBABFL 
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Figure A.2.2: Electronic Absorption Spectrum of 
OsC12(PMe2Ph)+]PF6 in Methylene 
Chloride at T = 293K 
35000 	 10U0 
V  maxml 
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Table A.2.1: Values of umax  for OsCi (P(OMe)Ph2) and 
[OsC12(P(OMe)Ph2)} in Methylene Chloride 
/0.5M TBABF at T = 243K 
umax (cm -1 ) 
	
(mol 1  cm 'dm 3 ) 
OsCl2(P(OMe)Ph2)4 	 26,700 1578 
29;600 2665 





related binuclear species. 
Earlier studies  into the behaviour of trans 
OsC1 2 (PMe 2 Ph) suggested that the species was not a genuine 
trans [OsC1 2 (PMe 2 Ph)] complex but had only three of its 
phosphine ligands bound conventionally to the Os(II) centre 
with the further phosphine ligand being only loosely bound. 
This was concluded on the basis of: 
n.m.r. studies 
Electrochemical Studies 
The trans isomer would be expected to exhibit a 
singlet in the 31 P{H} n.m.r. spectrum as all P 
nuclei are equivalent. At room temperature a 
broad singlet is observed. As the temperature is 
reduced another resonance becomes apparent until 
at 193K the spectrum exhibits a very sharp singlet 
superimposed on a complex pattern of resonances. 
This suggests that more than one P environment 
is present in the molecule. 
All other trans OsC1 2 (PMe 2 Ph) 3 L complexes, where 
= MeCN, dmf, dmso, PhCN, C 2 H 1 N 21 studied 
showed redox potentials almost superimposable on 
those of the cis complexes. The redox couples of 
the first oxidation of cis and trans OsC1 2 (PMe 2 Ph) 
are however separated by 0.46V. 
Unfortunately attempts to obtain a single crystal, 
suitable for X-ray structural studies, of the trans 
OsC1 2 (PMe 2 Ph) species failed. It was therefore decided to 
-287- 
carry out a structural study of [OsC12 (PMe2Ph) t+] PF6 to 
determine if. this exhibits any differences in Os-P bond 
lengths. 
A view of the cation (without H-atoms) is shown in 
Figure A.2.3. Table A.2.2 gives a selection of bond lengths 
and angles. 
The X-ray crystal structure confirms the trans arrange-
ment of the chloride. ligands. Both Os-Cl distances are 
identical. Two of the trans Os-P distances are very similar 
2.436 and 2.441k whereas the other two show a greater 
difference being 2.416k and 2.460. The complex trans 
[Os(II) (CHO) (COdppe)2] SbF6, 3 where dppe = diphenylphos-
phinoethane, also has two such Os-P pairs. The first. having 
bond lengths of 2.429 and 2.3tOA and the other 2.414 and 
2.389g. The observation of one longer Os-P bond in 
[OsC12 (PMe2Ph) + suggests that one phosphine ligand is in 
fact more loosely bound and hence is easily displaced by 
other ligands. 	The phenyl rings attached to Pi and P 
are separated by only 3.83k and the angle between the two 
phenyl planes is 8.79 0 . This suggests that there may be 
an interaction between the two rings. No such interaction 
is evident between the other phenyl rings. 
A.2.2 	EXPERIMENTAL 
Electrochemical studies were performed using the PAR 
model 170 potentiostat and programmer as described previously. 
The temperature was controlled as described previously. 
Spectroelectrochemical studies were carried out as 
described previously using the O.T.T.L.E. cell and the Perkin 
Figure A.2.3: View of the [O sC1 2 (PMe 2 Ph)1+ Cation 
:• 
Table A.2.2: Selected Bond Lengths and Angles for 
[OsC12 (PMe2Ph) , 
Bond Lengths(A) with standard deviations 
Os -C1(1) 2.340( 3) P(2) -C(211) 1.844( 	7) 
Os -C1(2) 2.340(3) P(2) -C(221) 1.811(12) 
Os - 	 P(1) 2.416( 3)  -C(231) 1.810(14) 
Os - 	 P(2) 2.460( 3)  -C(311) 1.844( 	7) 
Os - 	 P(3) 2.441( 3) P(3) -C(321) 1.801(11) 
Os - 	 P(4) 2.436( 3) P(3) -C(331) 1.839(12) 
P(1) -C(111) 1.845( 7) P(4) -C(411) 1.842( 	7) 
P(1) -C(121) 1.807(11) P(4) -C(421) 1.805(11) 
P(1) -C(131) 1.802(11) P(4) -C(431) 1.829(12) 
Angles(degrees) with standard deviations 
C1(1) - Os -C1(2) 	177.06( 9) 
C1(1) 	- Os - 	 P(3) 84.00( 9) 
C1(1) 	- Os - 	 P(4) 85.48( 9) 
C1(1) 	- Os - 	 P(1) 96.52( 9) 
C1(1) 	- Os - 	 P(2) 92.02( 9) 
C1(2) 	- Os - 	 P(3) 94.95( 9) 
C1(2) 	- Os - 	 P(4) 95.62( 9) 
C1(2) 	- Os - 	 P(1) 86.21( 9) 
C1(2) 	- Os - P(2) 85.24(10) 
P(3) 	- Os - 	 2(4) 169.40( 9) 
2(3) 	- Os - 	 2(1) 89.82( 9) 
- Os - 	 2(2) 90.59(10) 
2(4) 	- Os - 2(1) 90.15( 9) 
- Os - 	 P(2) 91.00(10) 
2(1) 	- Os - 	 P(2) 171.45( 9) 
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Elmer Lambda 9 Spectrophotometer. The temperature was 
controlled as previously described. 
Elemental analyses were carried out by the Department 
of Chemistry, University. of Edinburgh. 
FAB mass spectra were recorded by the Department of 
Chemistry, University of Edinburgh, using the Kratos 50-TC 
spectrometer and 3-nitrobenzylalcohol (3-NOBA) as the matrix. 
-. 
Na 2 0sC1 6 , K 2 0sC1 6 were obtained from Johnson Matthey. 
PMe 2 Ph 4 was made according to the literature prepara-
tion. 
P(OMe)Ph 2 was obtained from Aldrich. 
Methylene chloride was purified as described previously. 
All other solvents were used as obtained without 
further purification. 
1. 	Preparation of [OsC1 2 (PMe2Ph) ]PF 6 
K 2 0sC1 6 (0.15g) in degassed water (3.5m1) and PMe 2 Ph 
(0.18m1) in degassed ethanol (15.8m1) were mixed together 
and heated under N 2 . After 30 minutes yellow solid formed. 
There was no change after a further 30 minutes so the 
mixture was cooled and filtered. The yellow solid was 
washed with ethanol and diethylether. This was then dissolved 
in methylene chloride and to this methanol/NHPF6 were added. 
After a short while yellow solid formed. This was filtered 
and the remaining solution set aside. On leaving-overnight, 
purple crystals formed. These were filtered and washed with 
cold methanol and diethylether and dried in vacuo (0.113g, 38%). 
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Elemental Analysis: 	Found C:40.7%, H: 4.79%, N: 0% 
Calculated for C 3 2H + F6P5C12Os 
C: 40.1%, 	H: 4.59%, 	N: 0% 
FAB Mass Spectrum: 	Found M = 814 (100%) 
= 676 (90%) 
Calculated for [OsC1 2 (PMe2PhJ 
M = 812.9 
[OsC12 (PMe2Ph) ] + 
M = 675. 
Single Crystal Structure of [OsC12(PMe2Ph) + ]PF6 
Crystal Data: [C 32 H + C120s P + 1PF6 , M = 958.61, monoclinic 
space group 21/c , a = 11.4149(13), b = 26.5376(21), 
c = 12.6375(8), 	= 92.580(7), V = 3824.3k (from setting 
angles for 38 reflections with 27 < 2A < 28 , A = 0.71073k) 
= 4' Dcalc = 1.995g crn 3 , T = 293K, purple plates, 
0.12 x 0.23 x 0.62mm, 'i = 70.48 cm', 	F(000) = 1900. 
Data Collection and Processing: Stöe STADI-4 diffractometer, 
graphite monochromated Mo - K X-radiation, T = 293K, w/2e 
scans using learnt profile method, 5 5113 data collected 
(2emax = 450, h -12 	11, 1 0 	28, 1 -8 -8), 5113 unique 
data (Riot = 0.0000) giving 4913 with F > 6o(F) for use in 
all calculations. No significant crystal decay or movement. 
Initial corrections for absorption based on i4 scans were 
applied, minimum and maximum transmission factors are 0.1021 
- 	and 0.2179 respectively. 
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Structure Solution and Refinement: A Patterson synthesis 
located the Os atom and subsequent iterative cycles of 
least squares refinement and difference Fourier synthesis 
located the positions of all non-H atoms. These were refined 
by least squares refinement using SHELX-76 with anisotropic 
thermal parameters for Os, P, Cl and F. DIFABS 6 absorption 
correction was carried out with minimum correction = 0.898 
and maximum correction = 1.168. The H atoms were fixed in 
calculated positions by AFIX. Phenyl rings were constrained 
to be rigid hexagons. At final convergence R = 0.0488, 
= 0.0608, S = 1.036 for 207 refined parameters and the 
final AF synthesis showed no peak above O.887eA 3 . The 
weighting scheme W = 02 (F)' + 0.000063F 2 gave satisfactory 
analyses and in the final cycle (A/G)max = 0.039. Atomic 
scattering factors were inlaid 7 or taken from reference 8. 
The figure was produced using ORTEP. 9 
2. 	Preparation of OsC1 2 (P(OMe)Ph 2 ) 
QsCl 2 (PPh 3 ) 3 (0.140g) and P(OMe)Ph2 (0.127g) were heated 
under reflux in degassed hexane (30m1) under N 2 . The initial 
dark green solution gradually became paler in colour. After 
- 	heating for 1 hour the colour was pale green. After 3 hours 
the pale green solution was cooled. Pale green crystals 
formed on cooling. This was filtered and washed with hexane 
and diethylether and dried in vacuo (0.102g, 68%). 
Elemental Analysis: Found C: 55.47%, H: 4.62%, N: 0% 
Calculated for C52H52P 40C1 2 0s 
C: 56.23%, 	H; 4.93%, 	N: 0% 
-293- 
FAB Mass Spectrum: 	Found 	M = 1126 (10%) 
= 910 (100%) 
	
Calculated for 	OsC1 2 (P(OMe)Ph2) 
M = 1124.9 
OsC12 (P (OMe) Ph2) 
M = 909 
31 P{'H} n.m.r. 	 85.33 ppm - singlet 
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ABBREVIATIONS AND NOTES 
ABMO antibon ding molecular orbital 
2,2' 	bipy 2,2'-bipyridine 
4,4' 	bipy 4,4 1 -bipyridine 
bpea 1,2. bis 	(4-pyridyl)ethane 
bpm 1,2 bis 	(4-pyridyl)metháne 
bps bis 	(4-pyridyl) 	sulphide 
bpym 2, 2' -bipyrimidine 
bqd -benzoquinonedinunine 
nBu normal butyl 
tBu tertiary butyl 
COD 1,5 cyclooctadiene 
Cy cyclohexyl 
dap diazapyrene 
DMF dimethyl formamide 
D0 diffusion coefficient 
dppm (1 , 2-diphenylphosphino) ethane 
EHMO extended Hückel molecular orbital 
e.s.d.. estimated standard deviation 
Et ethyl 
e.p.r. electron paramagnetic resonance 
FAB fast atom bombardment 
HOMO highest occupied molecular orbital 
kK cm- I 	x iO 
LUMO lowest unoccupied molecular orbital 
M+ molecular ion peak 
Me methyl 
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3,3' -Me2-4,4 '-bipy 	3,3 1 -dimethyl-4,4' bipyridine 
NIR 	 near infra-red 











TBABFL tetrabutylammonium tetrafluoroborate 
THF tetrahydrofuran 
ppm parts per million 
2-tol 4-methylphenyl 
UV ultra violet 
VIS visible 
c. charge transfer coefficient 
- (Do/DR)h/2 
extinction coefficient 	(mol'cm'dm 3 ) 
mx wavenumber of band maximum 
IT wavenumber of intervalence charge 
transfer band 
All E values quoted are versus Ag/AgCl on which ferrocene 
is oxidised at +0.56V unless otherwise stated. 
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